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Giant monopole resonances in nuclei near stable and drip lines
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Isoscalar and isovector monopole responses of Ca isotopes towards drip lines are studied in comparison with
those of stable nuclei,40Ca, 90Zr, and 208Pb, using the self-consistent Hartree-Fock calculation plus the
random phase approximation with Skyrme interactions. Including simultaneously both the isoscalar and the
isovector correlation the RPA response function is calculated in the coordinate space so as to take properly into
account the continuum effect. The distribution of the monopole strength is much affected by the presence of
the low-energy threshold strength in both proton and neutron drip line nuclei, while the isoscalar monopole
strength is concentrated in one giant peak in the heavyb-stable nucleus208Pb. It is found that in drip line
nuclei the transition density and the displacement field of protons are very different from those of neutrons,
especially around the nuclear surface. The relation between the compression modulus of the nuclear matter
Knm and that of finite nucleiKA is also discussed by using the energy moments estimated in RPA.
@S0556-2813~97!04412-9#

PACS number~s!: 24.30.Cz, 21.10.Re, 21.60.Ev, 21.60.Jz
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I. INTRODUCTION

The structure of nuclei far fromb stability is an exciting
research field, since a number of new phenomena are
pected or have been observed in connection with the s
binding energies of the least bound nucleons as well as
unusual ratio between the number of protons and tha
neutrons. Among various nuclear excitations, giant mo
pole resonance~GMR!, the so-called ‘‘breathing mode,’’ is
particularly interesting because of its relation with t
nuclear matter compression modulusKnm . The compression
modulus is defined by the second derivative of the energ
the saturation point of nuclear matter,

Knm5F9r2
d2~E/A!

dr2 G
r5r0

5Fk2
d2~E/A!

dk2 G
k5kF

~1!

wherer0(kf) is the equilibrium density~Fermi momentum!
and E/A is the nuclear matter energy. The isoscalar gi
monopole resonances~IS GMR! are observed in various ex
periments which led to a value of nuclear matter compr
sion modulusKnm'(210630) MeV in the early 1980s@1–
4#. After the systematic studies, it was claimed@5# that the
new data allow a better separation between the surface
the volume term in the expression of the compression mo
and lead consequently to a new valueKnm'(300
625) MeV which is significantly larger than the one th
was obtained in the earlier systematic analysis.

The isovector GMR~IV GMR! has also been a subject o
intensive study in relation to the bulk properties of nucl
i.e., the symmetry energy coefficient and the compress
modulus. To what extent the symmetry energy and/or
compression modulus affect the excitation energy and
transition strength of the IV GMR is an interesting questio
The IV GMR also has an important effect on the breaking
560556-2813/97/56~6!/3121~13!/$10.00
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the isospin symmetry in nuclei@6#. Quantitative information
on IV GMR is highly desired for a realistic estimate of th
isospin mixing in nuclei.

In this paper, we study the IS and the IV GMR by using
self-consistent Hartree-Fock~HF! plus the random phase ap
proximation ~RPA!. As effective interactions, the sam
Skyrme interactions are used in both HF and RPA calcu
tions and no other parameters are introduced in our pre
study @7,8#. It is the prime advantage of the self-consiste
model that the nuclear compression moduli will be direc
compared with the excitation spectra of the monopole
sponse@9,10#. The RPA response function is solved in th
coordinate space with the proton-neutron formalism inclu
ing simultaneously both the IS and the IV correlation@8#. In
this way, we can take properly into account the coupling
the continuum and the effect of neutron~proton! excess on
the structure of the giant resonances in nuclei near the n
tron ~proton! drip lines.

The dynamical structure of excitation modes can be st
ied from the transition density and the displacement field
nuclear state at a given energy in the continuum can con
contributions from many excitations modes with differe
dynamical structure. Thus, for example, the neutron par
the IS monopole transition density at a given energy m
possibly be different from that of the IV monopole transitio
density at the same energy. Our model can naturally prod
this difference if it exists@8,11#. In contrast, if a continuum
state at a given energy is obtained by the expansion of o
lator bases and, thus, is expressed as an isolated qua
state, the difference does not exist. In the quadrupole
sponses studied in Refs.@8,11# the neutron~proton! part of
the IS transition density is nearly equal to that of the
transition density at the same energy, almost wheneve
appreciable amounts of both the IS and the IV quadrup
strength are found at the energy. It is interesting to cons
whether or not this is also the case for monopole respon
3121 © 1997 The American Physical Society
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Basic formulas including various ways to define GM
energies and the nuclear compression modulusKA are sum-
marized in Sec. II. In Sec. III, we discuss HF1RPA results
of stable nuclei40Ca, 90Zr, and 208Pb by using three differ-
ent Skyrme interactions SkM* , SGI, and SIII. The three in-
teractions have different nuclear compression moduli
nuclear matter:Knm5217, 256, and 355 MeV for SkM* ,
SGI, and SIII, respectively. Among realistic effective inte
actions that give reasonable binding energies and m
square radii for the ground states of stable nuclei, the Sk*
and the SIII interactions are two extremes that have a sm
and a large compression modulus, while the SGI interac
has a medium value of the compression modulus. In Sec
the result of several Ca isotopes,34Ca, 40Ca, 48Ca, and
60Ca, is presented in order to study the exotic properties
the monopole response in nuclei near both the proton and
neutron drip lines. In Sec. V we illustrate the possible diff
ence between the neutron~or proton! part of the IS transition
density and that of the IV transition density at a given ene
in the continuum, showing numerical examples. A summ
is given in Sec. VI.

II. MODEL AND FORMULATION

We perform the self-consistent HF1RPA calculations to
study the GMR with Skyrme interactions. First, the HF equ
tion is solved in the coordinate space by using the Nume
algorithm. Then, the RPA response functionGRPA is solved
in the coordinate space and the strength distributionsS(E)
are obtained from the imaginary part ofGRPA as

S~E!5(
n

u^nuQu0&u2d~E2En!

5
1

p
Im Tr„Q†~rW !GRPA~rW;rW8;E!Q~rW8!…, ~2!

whereQ expresses one-body operators

Ql50,t505
1

A4p
(

i
r i

2 for isoscalar monopole strength

~3!

and

Ql50,t515
1

A4p
(

i
tzir i

2 for isovector monopole strength

~4!

The transition density for an excited state,un&,

rn0
tr ~rW ![^nu(

i 51

A

d~rW2rW i !u0& ~5!

can be obtained from the RPA response, since the imagi
part of the GRPA(rW,rW8; En) near the resonance is propo
tional to rn0

tr (rW)rn0
tr (rW8)†. The reduced transition probabilit

is calculated using the transition density in Eq.~5! as
n

an

all
n
V

of
he
-

y
y

-
v

ry

B~l50,t:0→n!5U E rn0
tr ~rW !Ql50,td3rU2

, ~6!

where the excited state denoted byn has the angular momen
tum (l50). The radial transition density,rl

tr(r ), is defined
by

rn0
tr ~rW ![rl

tr~r !Ylm~ r̂ !. ~7!

The calculated RPA transition densities may be compa
with two kinds of transition densities of collective model
The radial transition density by Tassie has the radial dep
dence

rTassie
tr ~r !5aS 3r01r

dr0

dr D , ~8!

wherea is a constant andr0 is the ground state density. Th
radial transition density of the simplest version of the hyd
dynamical polarization model may be written@12# as

rpol
tr ~r !5a8r0~r ! j 0~kr !, ~9!

wherea8 is a constant and thej 0(kr) is the spherical Besse
function. The valuek in Eq. ~9!, k54.4934/1.2A1/3, is deter-
mined by the boundary condition for the velocity field at t
nuclear surface. We note that in Ref.@12# r0(r ) was inde-
pendent ofr due to the assumption of the hydrodynamic
model.

Using the calculated HF ground state densityr0(r ), and
the radial transition density,r tr(r ), we further study the dis-
placement field@1# defined by

u~r !52
1

r 2r0~r !
E

0

r

R2r tr~R!dR, ~10!

which is derived by using the continuity equation. If th
Tassie transition density~8! is used forr tr in Eq. ~10!, the
displacement fieldu(r ) is simply proportional tor .

The excitation energy of GMR is often calculated by u
ing the energy moment of the transition strength,

mk
t5(

n
~En!ku^nuQl50,tu0&u2, ~11!

wheren denotes the RPA state. The IS GMR energy refer
to as the scaling energy is defined by

E0
s5Am3

t50/m1
t50. ~12!

The energy~12! is particularly interesting for the discussio
of the compression modulus since the scaling hypothesis
the isoscalar monopole vibration yields@2# the following re-
lation betweenE0

s and the nuclear compression modulusKA
s :

KA
s 5

m~E0
s!2^r 2&m

\2 ~13!

where ^r 2&m is the mean mass squared radius. There
other ways to define the energy of GMR by using the m
mentsmk

t . The average energyĒ is defined by
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56 3123GIANT MONOPOLE RESONANCES IN NUCLEI NEAR . . .
Ē5m1
t /m0

t , ~14!

which is close to the peak energy of GMR, if it is a sing
peak. The IS GMR energy may also be defined by

E0
c5Am1

t50/m21
t50. ~15!

The energy~15! has a direct relation with the compressio
modulusKA

c which is derived from the constrained HF ca
culation with the nuclear radius parameter@1#

KA
c 5FR2

d2~E/A!

dR2 G
R5R0

5
2A^r 2&m

2

m21
t50 5

m~E0
c!2^r 2&m

\2 ,

~16!

whereR0
25^r 2&m andE/A is the HF energy.

For the IV GMR we use the notations

E35Am3
t51/m1

t51 ~17!

and

E15Am1
t51/m21

t51, ~18!

which correspond to the quantities,~12! and ~15!, for the IS
GMR, respectively.

The variance

s5Am2 /m02~m1 /m0!2 ~19!

is a measure of the width of the GMR in the present cal
lations. If the strength distribution has a Gaussian shape
width GFWHM has a relationGFWHM52.35s. In most cases
the RPA strength distribution shows many small peaks
side the main giant resonance peak so that the value ofs is
not directly related toGFWHM , but it gives a rough measur
of the dispersion of the calculated strength distributio
Though the particle escape width is fully taken into acco
in the present calculations, the calculated widths may no
directly compared with measured widths, since the spread
width due to the coupling to nearby complicated configu
tions is not included.

The relation betweenKA andKnm is often discussed usin
an analogy with the expression of the semi-empirical m
formula. The nuclear compression modulus may be
pressed in terms of the volume, the surface, the symme
and the Coulomb contributions,

KA5Kvol1Ksurf A21/31KsymS N2Z

A D 2

1KCoul

Z2

A4/31••• .

~20!

Other terms such as a curvature term or a surface symm
term are also considered in Refs.@1,4#. The various terms in
Eq. ~20! are determined by fitting experimental IS GMR e
ergies. Then, the nuclear matter compression modulusKnm
may be identified as the volume termKvol in the limit of
A→`, which is the case when the giant monopole vibrat
is described by the scaling model of the ground state den
@4,10#. However, the relation betweenKnm andKvol depends
indeed on the model used. Defining the asymptotic limit
the compression modulus by using a parameteraK ,
-
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lim
A→`

KA5Kvol5aKKnm . ~21!

The value ofaK is equal to 1 for the scaling model. On th
other hand, the constrained deformed density for the mo
pole vibration givesaK57/10 @13#, while the hydrodynami-
cal model givesp2/15 @3#.

III. GMR IN b-STABLE NUCLEI

Giant monopole resonances inb-stable nuclei have bee
previously calculated in many publications, using vario
theoretical models. It is often stated that the calculated g
monopole resonance is not found as a single collective m
in nuclei with the mass number smaller thanA'90. The
statement is in agreement with available experimental in
mations and also with our calculated result. On the ot
hand, it seems that both the monopole strength and its en
distribution in the nucleus such as40Ca, which are extracted
from experiments, depend appreciably on the assump
employed in the analysis. In this section we present our
culated results of40Ca, 90Zr, and 208Pb, in order to be able
to compare them later with those of drip line nuclei.

In Table I the result of IS GMR energies~12!, ~14!, and
~15! calculated by using SkM* , SGI, and SIII interactions,
are summarized together with the nuclear compress
moduli ~13! and ~16!, the variance~19!, and the HF mass
radius. Due to the identity of the energy momen
mk11mk21>mk

2, we have the relationE0
s>Ē>E0

c . The en-
ergiesE0

s , Ē, and E0
c of the IS GMR in Table I become

smaller for the interaction with a smaller compression mo
lus Knm . In contrast, the corresponding three energiesE3, Ē,
and E1, of the IV GMR in Table II do not show a simple
monotonic dependence on values ofKnm , because of the
important role in IV modes played by the symmetry ter
The symmetry energy coefficientat is equal to 26.1, 28.5
and 28.2 MeV for the SkM* , the SGI, and the SIII interac
tions, respectively. The calculated energies of the IS GMR
Table I show approximately theA21/3 dependence when on
compares the corresponding values of90Zr and 208Pb, while
the A21/3 dependence is considerably broken as one g
from 90Zr to 40Ca. This already indicates that the gia
monopole resonances in40Ca are of different nature from
those of heavier nuclei. However, it is well known that ev
for the well-established IV giant dipole resonances theA21/3

dependence does not work for nuclei withA,50.
In Table I available experimental energies of the IS GM

are given, which may be taken as lower limit values, sin
any IS monopole strength not yet detected and lying poss
in a higher energy region, which will give the missing part
the EWSR, can increase those energies. As far as the ave
energies are concerned, the SkM* interaction having the
compression modulusKnm5217 MeV gives a reasonabl
agreement with the available data, while the SGI and the
interaction predict appreciably higher energies. This conc
sion agrees with that of Refs.@1,4,10#, but not that of Ref.
@5#. A more detailed comparison between our results a
experimental data will be given for each nucleus later in
present section.

The calculated IS and IV monopole responses of40Ca are
shown in Figs. 1~a! and 1~b!, using the SkM* , the SGI, and
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3124 56I. HAMAMOTO, H. SAGAWA, AND X. Z. ZHANG
the SIII interactions, respectively. Although the structure
the IS response of40Ca in Fig. 1~a! depends on interaction
used, a broad peak with a large width of about 10 MeV
always obtained. For example, the isoscalar response
the SkM* interaction shows a very broad peak aroundEx
520 MeV with a width of 8 MeV. This peak exhausts 79
of the IS energy weighted sum rule value~EWSR!. The vari-
ance s is the largest for the SIII interaction withs
55.7 MeV and the smallest for the SkM* interaction with
s54.4 MeV. The RPA IV monopole strength with th
SkM* interaction may be divided into two energy region
10,Ex,27 MeV and Ex.27 MeV. The strength in the
former region is the left-over part of the unperturbed stren
which is not shifted to the higher energy region by the
RPA correlation, as can be seen in comparison with the
perturbed response in Fig. 2. On the other hand, the stre
in the latter region is the correlated IV GMR. Thus, the lar
value of the variances in Table II originates principally

TABLE I. Properties of the IS RPA response in40Ca, 90Zr, and
208Pb. The energiesE0

s , Ē, andE0
c are defined by Eqs.~12!, ~14!,

and ~15!, respectively. The compression moduliKA
s and KA

c are
defined by Eqs.~13! and ~16!, respectively. The variances is de-
fined by Eq. ~19!. The last column gives the HF mass radi
A^r 2&m. The experimental values are taken from Ref.@15# for 40Ca
and Ref.@17# for 90Zr and 208Pb.

A
E0

s

~MeV!
Ē

~MeV!
E0

c

~MeV!
KA

s

~MeV!
KA

c

~MeV!
s

~MeV!
A^r 2&m

~fm!

40Ca SkM* 22.5 21.0 20.6 141.0 118.0 4.4 3.402
SGI 24.9 23.5 23.1 168.0 145.0 4.6 3.35
SIII 27.5 25.5 24.9 208.0 171.0 5.7 3.384
exp. 21.3 18.9 17.3

90Zr SkM* 19.1 18.5 18.4 160.0 148.0 2.6 4.259
SGI 20.8 20.2 20.1 188.0 176.0 2.7 4.24
SIII 23.2 22.4 22.2 238.0 218.0 3.3 4.289
exp. 16.2

208Pb SkM* 14.5 14.1 14.0 157.0 146.0 1.9 5.557
SGI 15.7 15.4 15.4 184.0 174.0 1.8 5.56
SIII 17.9 17.4 17.2 242.0 224.0 2.5 5.599
exp. 13.8

TABLE II. Various energies of the IV RPA response in40Ca,
90Zr, and 208Pb. The energiesE3, Ē, andE1 are defined by Eqs
~17!, ~14!, and~18!, respectively. The variances is defined by Eq.
~19!.

A
E3

~MeV!
Ē

~MeV!
E1

~MeV!
s

~MeV!

40Ca SkM* 35.7 31.4 29.7 9.7
SGI 38.7 34.4 32.7 10.2
SIII 38.0 33.5 31.6 10.4

90Zr SkM* 33.3 31.0 30.0 7.8
SGI 35.3 32.8 31.8 7.6
SIII 35.0 32.3 31.2 7.8

208Pb SkM* 28.3 25.7 24.4 7.0
SGI 29.6 27.2 26.1 6.8
SIII 29.8 27.1 25.6 7.4
f

s
ith

,

h

n-
th

from the presence of the uncorrelated unperturbed stre
and does not really mean the large variance of the correl
IV GMR.

The energyE0
s of the IS monopole with the SkM* inter-

action is 22.5 MeV, which is substantially smaller than tho

FIG. 1. RPA monopole strength function of40Ca as a function
of excitation energy:~a! IS response;~b! IV response. The results
with the SkM* , the SIII, and the SGI interaction are shown b
solid, dotted, and dashed curves, respectively.

FIG. 2. Unperturbed response connected with excitations of p
tons or neutrons in a given orbital of40Ca. The SkM* interaction is
used. Arrows indicate the positions of the unperturbed strength w
either vanishing width~i.e., excitations to bound particle states! or
very small width~i.e., excitations to very sharp resonant partic
states!.
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with the SGI and the SIII interaction, 24.9 MeV and 27
MeV, respectively. There are two sets of experimental d
available for IS GMR in40Ca. The (a,a8) data of Gronin-
gen group@14# observed monopole strength at aroundEx

514.4 MeV, which exhausts (3066)% of EWSR. Recent
experimental data@15# obtained by inelastic scattering ofa
particles suggest the presence of (9262)% of the isoscalar
monopole EWSR in the energy region ofEx

57.5– 28.8 MeV with a centroid of 18.960.4 MeV and a
width of 11.1 MeV. The empirical values ofE0

s and E0
c in

this energy range areE0
s~expt.!5~21.360.12! MeV and

E0
c~expt.!5~17.2960.12! MeV, respectively, which are

closer to the calculated values with the SkM* interaction
than those with the SGI or the SIII interaction.

The unperturbed response connected with excitation
particles in a given occupied orbital of40Ca is shown in Fig.
2, calculated in the HF potential with the SkM* interaction.
The three arrows indicate thep-h excitations to a sharp reso
nance (1p3/2→2p3/2)p , and to bound particle state
(1p1/2→2p1/2)n and (1p3/2→2p3/2)n , of which the strength
can be estimated from the pole of the real part of the
sponse~2!. The neutron strength just above each thresh
energyEthr rises as (Ex2Ethr)

l 11/2 @16#. Thus, the strength
with the (2s1/2)n hole orbit increases very quickly, while th
one with the (1d5/2)n and (1d3/2)n hole orbits increases mod
erately just above respective thresholds. The behavior of
threshold strength is quite different for proton excitatio
due to the presence of the Coulomb barrier. The total un
turbed strength is distributed over a wide energy range fr
Ex510 to 30 MeV, and the IS RPA correlation shifts dow
only slightly the position of the broad peak. Moreover, t
escape widths of somep-h configurations are as large a
5–7 MeV and could contribute substantially to the width
the RPA response.

In Fig. 3~a! we show the IS transition densities of40Ca at
the peaksEx518.0 MeV and 22.5 MeV in Fig. 1~a!. The
transition densities are normalized to haveB(l50)
534.0 fm4 for the peak atEx518.0 MeV and B(l50)
529.6 fm4 for the peak atEx522.5 MeV. TheseB(l50)
values are obtained by integrating the responseS(E) in Fig.
1~a! in the energy interval ofEx62 MeV. The RPA transi-
tion density atEx518.0 MeV shows a typical IS characte
where the neutron and the proton densities are identical.
transition density atEx522.5 MeV has also a strong IS cha
acter showing only a minor difference between the pro
and the neutron densities. The Tassie density is normal
to haveB(l50)534.0 fm4 which is the same as that of th
transition density atEx518 MeV. There is a substantial dif
ference of the radial dependence between the Tassie de
and the density atEx518 MeV, especially around the su
face, while the density atEx522.5 MeV has the radial de
pendence similar to that of Tassie.

The IV transition density atEx530 MeV with the SkM*
interaction is shown in Fig. 3~b!. The absolute magnitude o
the transition density is normalized to beB(l50)
564.6 fm4, which is the value obtained by integrating th
response strength over the region ofEx528– 45 MeV. The
transition densities in Fig. 3~b! show a typical IV character
the same magnitude for protons and neutrons with oppo
signs. Compared with the Tassie density, the RPA transi
ta

of

-
ld

he

r-
m

f

he

n
ed

sity

ite
n

density has a node at a larger radius and a much longer
The IS and the IV monopole response in90Zr are given in

Figs. 4~a! and 4~b! for the three interactions, SkM* , SGI,
and SIII. Compared with40Ca, it is seen that the IS respons
in the heavier nucleus90Zr shows a tendency to form a na
row single peak of GR. The variances of IS GMR in 90Zr is
almost a half of that in40Ca, as shown in Table I.

The experimental data of IS GMR in90Zr are reported in
Refs. @17,18,19#. The peak energy is identified to be 16.2
60.50 MeV, 16.1060.28 MeV, and 16.4060.25 MeV in
Refs. @17,18,19#, respectively, while the transition streng
exhausts (90620)% in Ref.@17# and 39% in Ref.@19# of the
IS EWSR. There is no quantitative assessment of
strength in Ref.@18#. In order to confirm the IS GMR
strength in90Zr, especially the sum rule strength, it is des
able to study quantitatively the monopole strength in the
ergy region higher than the presently available data.

In the RPA IV response with the SkM* interaction of Fig.
4~b! the major part of the strength in the region ofEx
,26 MeV is the leftover unperturbed strength, without bei
shifted to a higher energy region by the IV RPA correlatio
while the strength atEx.26 MeV expresses the IV GMR
The small shoulder at 17.8 MeV, which is seen on the bu
of the leftover unperturbed strength, is the IV strength as
ciated with the IS GMR due to the presence of the neut
excess. The ratio of this associated IV strength to the
strength at the IS GMR is much smaller than that of the

FIG. 3. ~a! Radial transition densities of IS GMR in40Ca cal-
culated atEx518.0 and 22.5 MeV, as a function of radial coord
nate. The neutron part is expressed by dot-dashed lines, while
proton part is denoted by dot-dot-dashed lines. The IS densit
expressed by solid lines. The Tassie density for GMR~8! is also
given by the dotted line, which is normalized so as to give the sa
B(l50) value as that of the IS density atEx522.5 MeV. ~b! Ra-
dial transition densities of IV GMR in40Ca calculated atEx

530 MeV. The IV density is denoted by the solid line.
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3126 56I. HAMAMOTO, H. SAGAWA, AND X. Z. ZHANG
quadrupole strength to the IS strength at the IS giant qu
rupole resonance~GQR! due to the same neutron excess@8#.

The IS and the IV monopole strength in208Pb are given in
Figs. 5~a! and 5~b! for the SkM* , the SGI, and the SIII
interactions. The IS response in Fig. 5~a! for all three inter-
actions shows, in a good approximation, a single peak w
the width of about 1 MeV. The peaks for the SkM* and the
SGI interaction exhaust about 91% of the EWSR. The
peak of the SIII interaction aroundEx517 MeV exhausts
only 71% of the EWSR. The IV GMR is seen as the peak
Fig. 5~b! in the region ofEx.23, 25, and 28 MeV for the
SkM* , the SGI, and the SIII interaction, respective
Though the IV strength associated with the IS GMR due
the neutron excess is clearly seen at the peak energy o
respective IS GMR for the three Skyrme interactions,
ratio of the associated IV strength to the IS strength at the
GMR is in fact much smaller than the value of (N2Z)/A.
See Ref.@8# for the corresponding ratio in the case of t
GQR.

The IS GMR in 208Pb is experimentally best explore
among IS GMR in various nuclei. The (a,a8) data were
reported to show a peak atEx513.7060.40 MeV exhausting
(90620)% of the EWSR value@17#. Another (a,a8) data
give the peak energy atEx513.9060.30 MeV @20#. The
(3He,3He8) data@19# give almost the same result; the ener
of the peak isEx513.2060.30 MeV, which consumes 92%
of the EWSR value. These data agree well with the cal
lated peak atEx513.9 MeV using the SkM* interaction.

FIG. 4. RPA monopole strength function of90Zr as a function of
excitation energy:~a! IS response;~b! IV response. The results with
the SkM* , the SIII, and the SGI interaction are shown by sol
dotted, and dashed curves, respectively.
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The IS and the IV transition densities are shown in Fi
6~a! and 6~b! for the SkM* interaction. The transition
densities of the IS peak atEx513.75 MeV, havingB(l
50)53259 fm4, are shown in Fig. 6~a! together with the
Tassie density in Eq.~8!. Although the radial dependence o
the density of neutrons and that of protons are apprecia
different, especially in the region ofr 56 – 10 fm, the sum of
those two, namely the IS transition density, shows a ra
dependence similar to that of the Tassie. The transition d
sities of IV GMR atEx527.6 MeV are shown together with
the Tassie in Eq.~8! and the polarization density in~9!. The
B(l50) value of this IV peak is 1453 fm4. The RPA IV
density has almost equal contributions from neutrons
protons with a small difference around the node points, an
tail much longer than the Tassie or the polarization densit

In Fig. 6~c! we show the displacement field~10! calcu-
lated at the peak energy of the IS GMR in208Pb. It is seen
that the displacement field of protons behaves nearly in
same way as that of neutrons does. For reference, the
placement field calculated numerically by using the Tas
transition density is plotted, in which the Tassie density
normalized so as to give the sameB(l50) value.

Using the SkM* interaction, in Fig. 7 we show the unpe
turbed response, the IS RPA response with the simultane
inclusion of the IS and the IV correlation~the solid curve!,
and the RPA response including only the IS part of the
teraction~the dashed curve!. The IS GMR in208Pb is shifted
very clearly downwards from the energy region of the unp

FIG. 5. RPA monopole strength function of208Pb as a function
of excitation energy:~a! IS response;~b! IV response. The results
with the SkM* , the SIII, and the SGI interaction are shown b
solid, dotted, and dashed curves, respectively.



t o

ve

nc
V

e

rme

es-

l,
ak.
t in
.

f
o

e
ot
e

th

riz
o
o

-
ns
tio

gth

wn

bed
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turbed strength, while in much lighter nuclei such as40Ca
the IS GMR lies nearly in the same energy region as tha
the unperturbed strength. This leads to the difference
which the IS GMR is nearly a narrow single peak in208Pb,
while in 40Ca the IS GMR is not found as a single collecti
peak. The peak energyEx513.75 MeV for the full calcula-
tion is 500 keV higher than that of the dashed curve, si
the inclusion of the IV correlation places the small I
strength~due to the neutron excess! at the IS GMR and, at
the same time, makes the energy of the IS GMR higher.

In Fig. 8, the calculated compression moduliKA
s andKA

c

are plotted as a function of mass numberA. The figure is
similar to Fig. 2 of Ref.@4#. The compression moduli ar
nearly constant as one goes from90Zr to 208Pb, and whether

FIG. 6. ~a! Radial transition densities of IS GMR in208Pb cal-
culated atEx513.75 MeV, as a function of radial coordinate. Th
neutron part is expressed by the dot-dashed line, while the pr
part is denoted by the dot-dot-dashed line. The IS density is
pressed by the solid line. The Tassie density for GMR~8! is also
given by the dotted curve, which is normalized so as to give
sameB(l50) value as that of the IS density.~b! Radial transition
densities of IV GMR in208Pb calculated atEx527.6 MeV. The IV
density is expressed by the solid line. The Tassie and the pola
tion densities for GMR,~8! and ~9!, which are normalized so as t
give the sameB(l50) value as that of the IV density, are als
shown by the dotted and the dashed curves, respectively.~c! The
displacement field ~10! calculated at the peak energy,Ex

513.75 MeV, of the IS GMR in208Pb. For reference, the displace
ment field, which is numerically calculated using the Tassie tra
tion density, is plotted by the dashed line. The Tassie transi
density is normalized so as to give the sameB(l50) value as that
of the plotted IS transition density.
f
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e

they slightly increase or decrease may depend on the Sky
interactions used.

From the RPA results in Table I and Fig. 9, the compr
sion modulusKA

s is related toKnm as

KA
s 53510.49Knm ~40Ca!,

KA
s 53810.57Knm ~90Zr!,

KA
s 52310.62Knm ~208Pb!. ~22!

The above expression for40Ca may not be so meaningfu
since the IS GMR is not obtained as a single collective pe
There is a mass number dependence of the coefficien
front of Knm obtained numerically from RPA calculations
The largest value of the coefficient is obtained for208Pb,
while for 40Ca and 90Zr it is 10–20 % smaller than that o
208Pb. Moreover, in Eq.~22! we have obtained a nonzer

on
x-

e

a-
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n

FIG. 7. RPA monopole strength function of208Pb with the
SkM* interaction as a function of excitation energy. The IS stren
estimated in RPA, in which both the IS (T50) and the IV (T
51) correlations are simultaneously taken into account, is sho
by solid curves, while the one in which only the IS (T50) corre-
lation is included is plotted by dashed curves. The unpertur
strength is denoted by the dotted curve.

FIG. 8. Calculated nuclear compression moduliKA
s in Eq. ~13!

andKA
c in Eq. ~16! as a function of mass number.
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3128 56I. HAMAMOTO, H. SAGAWA, AND X. Z. ZHANG
constant term, compared with the expression~21!. The pres-
ence of this nonzero constant term suggests that even208Pb
is not large enough to obtain a relation betweenKA

s andKnm

in the limit of A→`. The obtainedaK value for 208Pb ap-
proaches the hydrodynamical value ofaK5p2/1550.658.
However, this might be just accidental since there is no si
larity between the transition density of the RPA IS GMR a
that of the hydrodynamical polarization model.

The hydrodynamical polarization model@12# predicts the
excitation energy of IV GMR in nuclei withZ5N to be

Ex5170A21/3 MeV. ~23!

The average energiesĒ3 for 208Pb in Table II happen to be
very close to the value given by Eq.~23!. On the other hand
the Ē3 values for 40Ca and 90Zr are considerably smalle
than the estimate in Eq.~23!.

IV. GMR IN Ca-ISOTOPES NEAR DRIP LINES

In this section we mainly discuss the numerical resu
obtained by using the SkM* interaction, since in the preced
ing section the comparison of the calculated GMR proper
of b-stable nuclei with experimental data favors the SkM*
interaction having the low compression modulusKnm
5217 MeV. In the following it is seen that in all Ca isotope
the IS GMR lies in the energy region of the unperturb
strength and, thus, is not found as a single collective pe
while the RPA IV strength is divided into the higher-lyin
IV GMR and the remaining unperturbed strength. The ch
acteristic feature of drip line nuclei is the presence of
appreciable amount of the very low-lying unperturb
threshold strength, which can hardly be affected by the R
correlation.

In Fig. 10, the IS and the IV monopole responses of34Ca
are shown together with the unperturbed response. Both
IS and the IV response have a large bump atEx
'5 – 13 MeV, which is nearly equal to the strength of u
perturbed proton excitations. A prominent difference b
tween the IS RPA response and the unperturbed streng
seen only in the region of 16,Ex,25 MeV. Even in this
energy region the shape of the IS RPA response is cle

FIG. 9. The compression modulusKA
s in Eq. ~13! as a function

of the nuclear matter compression modulusKnm .
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affected by the underlying unperturbed strength. The l
energy bump atEx55 – 13 MeV exhausts 9.4% of th
EWSR, while the high energy peakEx519 – 25 MeV con-
tains 51% of the EWSR. In contrast to the case of GQR@11#,
no IV strength due to the proton excess is brought to
energy region~i.e., 19,Ex,25 MeV! of the IS GMR by the
RPA correlation. The IV GMR may be identified as a hig
energy peak aboveEx532 MeV.

The IS transition densities of34Ca at several excitation
energies are shown in Figs. 11~a! and 11~b!. The B(l50)
values used in the normalization of the transition densi
are 8.2, 8.8, and 28.4 fm4 for Ex59.0, 15.0, and 21.2 MeV
respectively. As is seen in Fig. 11~b!, the transition densities
at Ex59 and 15 MeV are predominantly the proton den
ties. The transition density atEx59 MeV has a much large
tail than that atEx515 MeV, since proton holes with les
binding energies are involved in the former than in the latt
The IS transition density of the high energy peak atEx
521.2 MeV consists of a comparable amount of the pro
and the neutron contributions, and the radial dependenc
rather similar to the plotted Tassie transition density, wh
is normalized to have the sameB(l50) values as the one a
Ex521.2 MeV. When the transition densities in Figs. 11~a!
and 11~b! are compared, we notice the shape difference:
those at lower energies the node occurs at largerr values and
a larger tail is extended up to far outside of the nuclear s
face. In Fig. 11~c! we show the displacement field, Eq.~10!,
calculated at an energy of the threshold strength,Ex
56.5 MeV. It is seen that the displacement field of proto
is negligible inside of the nucleus and is steeply rising o
side, while that of neutrons is negligible everywhere. F
reference, the displacement field calculated numerically
using the Tassie transition density is plotted, in which t
Tassie density is normalized so as to give the sameB(l
50) value.

In Fig. 12 the RPA response of60Ca is shown togethe
with the unperturbed strength. The characteristic feature
the figure looks formally very similar to that of Fig. 10 fo
34Ca, except for the fact that in60Ca the threshold strengt

FIG. 10. RPA monopole strength function of34Ca as a function
of excitation energy. The SkM* interaction is used consistentl
both in the HF and the RPA calculations. The IS~IV ! response is
shown by the solid~dashed! curve, while the unperturbed respons
is denoted by the dotted curve.
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consists of neutron excitations: Both the IS and the IV
sponse has a large bump atEx'4 – 12 MeV, which is almost
equal to the unperturbed neutron strength. A prominent
ference between the RPA IS response and the unpertu
strength is found only in the energy region of 14,Ex
,22 MeV. The IV GMR may be identified as a high ener
peak aboveEx528 MeV. A clear difference from Fig. 10 fo
34Ca is the presence of a small but clear IV strength pea
Ex517.1 MeV, which lies on the top of the considerab
amount of the leftover unperturbed strength in the same
ergy region. The small peak is difficult to recognize in the
response, if it is calculated without including the IS RP
correlation. Thus, the small peak can be regarded as th
strength due to the neutron excess, which is brought to
energy region of the IS GMR. However, the ratio of the
strength to the IS strength at the IS GMR is much sma
than the value of (N2Z)/A, which is the approximate ratio
for the IV quadrupole strength found at the IS GQR@11# due
to the same neutron excess.

FIG. 11. Radial transition densities of the IS response in34Ca as
a function of radial coordinate:~a! at an energyEx521.2 MeV,
which is inside of the broad bump of the IS GMR;~b! at energies
Ex56.5 and 15 MeV, which are much lower than that of the
GMR. The SkM* interaction is used. The neutron part is shown
dot-dashed lines, while the proton part is denoted by dot-dot-das
lines. The IS density is expressed by solid lines, while the Ta
density for GMR~8! by the dotted curve in~a!, which is normalized
so as to give the sameB(l50) value as that of the IS density a
Ex521.2 MeV. ~c! The displacement field~10! calculated at an
energy of the threshold strength,Ex56.5 MeV. For reference, the
displacement field, which is numerically calculated using the Ta
transition density, is plotted by the dashed line. The Tassie tra
tion density is normalized so as to give the sameB(l50) value as
that of the plotted IS transition density atEx56.5 MeV.
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The IS transition densities at various excitation energ
are shown in Figs. 13~a! and 13~b!. The B(l50) values of
the densities are normalized to be 25.1, 33.3, and 78.94

for Ex57.0, 11.0, and 17.2 MeV, respectively. The transiti
densities at the low energy peaks in Fig. 13~b! are entirely
dominated by neutron excitations. The transition densities
those threshold strength at lower energies have a longer
far outside of the nuclear surface. The IS transition density
the high energy peak atEx517.2 MeV in Fig. 13~a! consists
of a comparable amount of the proton and the neutron c
tributions, and the radial dependence is similar to the Ta
transition density. In Fig. 13~c! we show the displacemen
field ~10! calculated at an energy of the threshold streng
Ex57.0 MeV. It is seen that the displacement field of ne
trons is small inside of the nucleus and is steeply rising o
side, while that of protons is negligible everywhere. For r
erence, the displacement field calculated numerically
using the Tassie transition density is plotted, in which t
Tassie density is normalized so as to give the sameB(l
50) value. The displacement field of protons and that
neutrons in the IS GMR energy region (14,Ex,22 MeV)
depend rather sensitively on the value ofEx and are not very
similar to each other as a function ofr .

The RPA IS responses of four Ca isotopes are shown
Fig. 14~a!. A considerable amount of the proton strength
34Ca and that of the neutron strength in60Ca, which lie in
the energy region ofEx54 – 12 MeV, express the threshol
strength that is a characteristic feature of the response in
line nuclei. The calculated RPA IS strength extends ove
large energy range, especially in drip line nuclei34Ca and
60Ca, but also inb-stable nuclei 40Ca and 48Ca. The IS
monopole response in all Ca isotopes is far away from
single peak, which is a clear manifestation of the collect
vibration. The integrated area under each curve is equa
the IS EWSR,m152\2A^r 2&m /m, and is an increasing
function of the mass number.

The RPA IV responses of four Ca isotopes calculated
ing the SkM* interaction are shown in Fig. 14~b!. Since the
threshold strength in the energy region ofEx54 – 12 MeV of

ed
ie

ie
i-

FIG. 12. RPA monopole strength function of60Ca as a function
of excitation energy. The SkM* interaction is used consistentl
both in the HF and the RPA calculations. The IS~IV ! response is
shown by the solid~dashed! curve, while the unperturbed respons
is denoted by the dotted curve.
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34Ca and 60Ca consists exclusively of the proton and t
neutron excitations, respectively, the RPA IV strength
nearly the same as the respective unperturbed strengths
major part of the IV strength in the region ofEx
'12– 30 MeV is the leftover unperturbed strength, which
not shifted to a higher energy region by the IV RPA cor
lation. The IV GMR is identified as a large bump atEx
.30 MeV, of which the strength is clearly shifted from th
low energy region of the unperturbed strength. Very little
strength is seen in the region of the IV GMR.

Calculated energiesE0
s , E0

c , and Ē for Ca isotopes are
given in Table III together with the compression moduliKA

s

and KA
c and the variances. Due to the large transition

strength just above the threshold of34Ca and60Ca, the lit-
erally calculated value of the variances is large in these two
nuclei compared with the variance in40Ca and48Ca. It is not
clear how seriously those literally estimated compress

FIG. 13. Radial transition densities of the IS response in60Ca as
a function of radial coordinate:~a! at an energyEx517.2 MeV,
which is inside of the broad bump of the IS GMR;~b! at energies
Ex57.0 and 11.0 MeV, which are much lower than that of the
GMR. The SkM* interaction is used. The neutron part is shown
dot-dashed lines, while the proton part is denoted by dot-dot-das
lines. The IS density is expressed by solid lines, while the Ta
density for GMR~8! by the dotted curve in~a!, which is normalized
so as to give the sameB(l50) value as that of the IS density a
Ex517.2 MeV. ~c! The displacement field~10! calculated at an
energy of the threshold strength,Ex57.0 MeV. For reference, the
displacement field, which is numerically calculated using the Ta
transition density, is plotted by the dashed line. The Tassie tra
tion density is normalized so as to give the sameB(l50) value as
that of the plotted IS transition density atEx57.0 MeV.
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moduli, KA
s andKA

c , should be taken, since in these Ca is
topes the calculated IS GMR is far away from a single c
lective vibration.

V. DYNAMICAL STRUCTURE OF CONTINUUM STATES

A number of excitations with different dynamical stru
ture may in general coexist at a given excitation energy
the continuum. For example, at a given excitation energy
may find both the IS and the IV collective strength, of whi
the form factors of the excitations are totally different fro
each other. This is in contrast to an isolated quantum s
such as bound-state excitations, of which the width is ne
gibly small compared with level distances. InN5Z nuclei it
is trivial to separate the IS and the IV excitations, even in
continuum, since they have different isospins. On the ot
hand, in nuclei withN@Z ~or N!Z! the IS and the IV
excitations at a given energy may have the same isospin
good approximation, and the coexistence of the two type
excitations is an interesting problem.

Our present way of treating the continuum can natura
provide different neutron~proton! form factors for the IS and
the IV excitations, even when they may occur at the sa
excitation energy. In contrast, if a state in the continuum
approximated by using the basis expansion with a finite
of oscillator wave functions, the neutron part and the pro
part of the resulting wave function are fixed and, thus,
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FIG. 14. ~a! RPA IS monopole strength of Ca isotopes.~b! RPA
IV monopole strength of Ca isotopes. The RPA response funct
of 34Ca, 40Ca, 48Ca, and60Ca are given by thin solid, thick dashed
thin dashed, and thick solid lines, respectively. The SkM* interac-
tion is used.
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form factors of the IS and the IV excitation are unique
related to each other. In Refs.@8# and @11# we studied this
problem in the continuum for quadrupole excitations in n
clei with a large neutron~or proton! excess, using the prese
HF1RPA model. We have found that both the neutron a
proton parts of the IS transition density are nearly equa
the respective part of the IV transition density at the sa

FIG. 15. ~a! Monopole response functions of34Ca as a function
of excitation energy, which are calculated by using the RPA
transition densities,dr IS

n and dr IS
p , and the RPA IV transition

densities,dr IV
n anddr IV

p . The monopole strengths estimated usi
dr IS

n (rW)1dr IS
p (rW), dr IV

n (rW)2dr IV
p (rW), dr IS

n (rW)2dr IS
p (rW), and

dr IV
n (rW)1dr IV

p (rW), are denoted by thick solid lines~IS!, thick
dashed lines~IV !, thin dashed lines~ISM!, and thin solid lines
~IVP!, respectively. The SkM* interaction is used.~b! RPA radial
transition densities atEx525.0 MeV, which are estimated using th
SkM* interaction. The neutron~proton! part of the IS transition
density is expressed by thin dot-dashed~thin dot-dot-dashed! lines,
while the neutron~proton! part of the IV transition density by thick
dot-dashed~thick dot-dot-dashed! lines.

TABLE III. Calculated properties of the IS RPA response in C
isotopes. All values are calculated by using the SkM* interaction.
See the captions to Table I.

A
E0

s

~MeV!
Ē

~MeV!
E0

c

~MeV!
KA

s

~MeV!
KA

c

~MeV!
s

~MeV!
A^r 2&m

~fm!

34Ca 22.5 19.4 17.8 132.0 82.9 6.6 3.29
40Ca 22.0 20.8 20.5 135.0 117.0 4.0 3.40
48Ca 22.6 21.6 21.4 154.0 138.0 3.6 3.54
60Ca 18.8 16.5 15.4 132.0 88.5 5.3 3.93
-

d
o
e

energy of the quadrupole response, almost whenever ap
ciable amounts of both the IS and the IV quadrupole stren
are found at the given energy. In the present section
demonstrate a numerical example of monopole respon
which at a given energy in the continuum shows the coex
ence of excitations with a different dynamical structure.

Expressing the neutron~proton! part of the IS transition
density by dr IS

n (dr IS
p ) and that of the IV one bydr IV

n

(dr IV
p ), the measurable reduced transition probability is w

ten as

B~l,t50:0→n!5(
m

U E @dr IS
n ~rW !1dr IS

p ~rW !#Qm
lt50d3rU2

~24!

and

B~l,t51:0→n!5(
m

U E @dr IV
n ~rW !2dr IV

p ~rW !#Qm
lt51d3rU2

.

~25!

Now, using the calculated transition densities,dr IS
n , dr IS

p ,
dr IV

n , anddr IV
p , we may define

C~l,t50:0→n!5(
m

U E @dr IV
n ~rW !1dr IV

p ~rW !#Qm
lt50d3rU2

~26!

and

C~l,t51:0→n!5(
m

U E @dr IS
n ~rW !2dr IS

p ~rW !#Qm
lt51d3rU2

.

~27!

If a continuum state contains only one dynamical struct
instead of two different correlations of the IS and the
type, we havedr IS

n (rW)5dr IV
n (rW) and dr IS

p (rW)5dr IV
p (rW).

Thus, we should haveC(l,t50:0→n)5B(l,t50:0→n)
and C(l,t51:0→n)5B(l,t51:0→n). This is the case
typical of the threshold strength in drip line nuclei or the
giant quadrupole resonance~GQR! in nuclei with neutron~or
proton! excess@8#. In contrast, if for a given energy bot
B(l,t50:0→n) and B(l,t51:0→n) have appreciable
values while bothC(l,t50:0→n) and C(l,t51:0→n)
are negligibly small, it indicates that two excitation mod
~IS and IV! with almost independent dynamical structure e
ist at that energy. The occurrence of this situation depend
nuclei and multipoles, and may not particularly be unique
drip line nuclei.

In Fig. 15~a! we show the RPA monopole response fun
tions of 20

34Ca14, which are estimated using the transition de
sities, dr IS

n (rW)1dr IS
p (rW), dr IV

n (rW)2dr IV
p (rW), dr IS

n (rW)
2dr IS

p (rW), and dr IV
n (rW)1dr IV

p (rW), and are expressed b
thick solid lines, thick dashed lines, thin dashed lines, a
thin solid lines, respectively. The thick solid lines and t
thick dashed lines are identical to the respective lines in F
10. In Fig. 15~a! it is seen that aroundEx525.0 MeV both
thin lines are negligibly small, while both thick lines hav
appreciable values. In Fig. 15~b! we show the calculated ra
dial transition densities at the energy,Ex525.0 MeV. It is
nicely seen that the radial transition densitiesdr IS

n (r ) and
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dr IS
p (r ) are in phase and similar as a function of the rad

coordinate, whiledr IV
n (r ) anddr IV

p (r ) are out of phase with
each other. Moreover, the radial dependence of the IS t
sition densities is clearly different from that of the IV one
The results shown in Fig. 15 atEx525.0 MeV demonstrate
the coexistence of two independent excitations at the s
energy in the continuum.

VI. SUMMARY

We study the giant monopole resonances in stable nu
40Ca, 90Zr, and 208Pb, and the drip line nuclei of Ca iso
topes, using the self-consistent HF calculation plus the R
with Skyrme interactions, SkM*, SGI, and SIII. The RPA
response function is calculated in the coordinate space s
to take properly into account the continuum effect, includi
simultaneously both the isoscalar and the isovector corr
tion. We found that in both proton and neutron drip lin
nuclei the distribution of the monopole strength is grea
affected by the presence of the low-energy thresh
strength, while in theb-stable heavy nucleus208Pb the IS
monopole strength is, in a good approximation, concentra
on a single peak. In lighterb-stable nuclei such as40Ca the
major part of the RPA IS strength stays in the same ene
region as that of the unperturbed strength and, thus, th
GMR is not realized as a single collective peak. A cert
amount of the unperturbed IV strength is not shifted by
RPA correlations to the higher energy region of the
GMR, but it remains in the original unperturbed energy
gion even in the case of208Pb. The remaining portion is
larger in lighterb-stable nuclei, and it is even larger in dr
line nuclei due to the presence of the low-energy thresh
strength.

The transition densities of the IS GMR are in fair agre
ment with those given by the collective Tassie model, wh
the transition densities of the threshold strength in drip l
nuclei have a very different radial dependence from tha
the Tassie model. In bothb-stable and drip line nuclei the
transition density of the IV GMR differs considerably fro
that of either the Tassie or the hydrodynamical polarizat
model.

Using our present model, the relation between the co
pression modulus of nuclear matterKnm and that of finite
nucleiKA in Eq. ~13! is discussed employing the RPA resu
of b-stable nuclei,40Ca, 90Zr, and 208Pb, with three differ-
ent Skyrme forces. The analysis indicates that even208Pb is
not large enough to obtain a proportionality relation betwe
KA

s andKnm .
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The GMR in the proton drip line nucleus34Ca and the
neutron drip line nucleus60Ca is studied using the SkM*
interaction, in comparison with theb-stable nuclei40Ca and
48Ca. The IS monopole strength of the RPA solutions in
isotopes remains in the same energy region as that of
unperturbed strength, though the shape of the strength d
bution is changed by the RPA correlation. Namely, the u
perturbed strength in the drip line nuclei is extended ove
very broad region of 5,Ex,30 MeV, as does the IS RPA
strength. In34Ca the low-lying threshold strength is entire
due to proton excitations, while in60Ca it consists exclu-
sively of neutron excitations. The transition densities of t
low energy threshold strength have a node outside of
nuclear surface and, then, an extended tail due to the pr
~neutron! skin with small binding energies in34Ca (60Ca).
The IV strength just above the threshold of drip line nucle
naturally almost equal to the IS strength. An apprecia
amount of the IV strength is found in the region ofEx
,30 MeV, which is the remaining unperturbed streng
without being shifted by the IV RPA correlation. The corr
lated IV GMR is identified as a clear peak aboveEx
'30 MeV.

The displacement fields are discussed in both theb-stable
nucleus208Pb and the drip line nuclei,34Ca and60Ca. The
displacement field of the IS GMR in208Pb has almost equa
contributions from protons and neutrons and shows a ra
dependence similar to that of the Tassie model. On the o
hand, in drip line nuclei the displacement field of proto
behaves differently from that of neutrons, especially arou
the nuclear surface.

Excitations with different dynamical structure but wit
the same quantum numbers may in general coexist at a g
energy in the continuum. Using our present HF1RPA
model, we have demonstrated that in the monopole respo
of 34Ca the two excitations of almost pure IS and IV cha
acter, respectively, coexist at the same energy, while hav
different transition densities.
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