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We study the effect of the unique shell structure as well as the very low particle threshold on collective
modes in drip-line nuclei, first performing the Hartree-FdElF) calculation with Skyrme interactions and,
then, using the random phase approximation solved in the coordinate space with the Green’s function method.
We examine also one-particle resonant states in the HF potential. The properties of both isoscalar and isovector
monopole giant resonan¢&R) are found to change drastically in nuclei around the neutron drip line. The
characteristic feature of the isovector dipole modes as well as the isoscalar quadrupole modes in drip-line
nuclei is also studied.

PACS numbgs): 21.10.Pc, 21.10.Re, 21.60.Jz, 278p.

I. INTRODUCTION tion on the shell structure, which affects the collective
modes, is indeed obtained from a careful examination of the
Using radioactive nuclear beams being recently developetnperturbed strength function. Both isoscalar and isovector
at various laboratories in the world] we have a good pros- monopole modes are first studied in detail, since in a simple-
pect to investigate the detailed structure of nuclei far fgm minded picture only one peak is expected for the monopole
stability. The investigations also involve strong links be-giant resonancéGR). Moreover, the properties of monopole
tween nuclear physics and astrophysics. Thus, it is currentijnodes are especially sensitive to the detailed balance be-
a very hot issue to find the phenomena unique in nuclei fafveen the density distributions of the inside and around the
from S stability, which are drastically different from those in surface. Next, we examine the properties of isovector dipole
B-stable nuclei. The neutron halo at the neutron drip [izle modes and isoscalar quadrupole modes in nuclei at both the
of very light nuclei is a typical example of that kind, which is Proton drip line and the neutron drip line, and compare them
found and studied both experimentally and theoretically. Thavith those known ing-stable nuclei.
variation of the one-particle level structure as one approaches Our present work is based on the spherical HF calculation
the drip line has been studied for spherical nuclei, using avith Skyrme interactions. The parameters of the effective
relativistic mean-field approacf8] and an HFB approach interactions such as Skyrme interactions are determined so as
[4]. The possible presence of a neutron skin in neutron-rictio reproduce the known properties @fstable nuclei. There-
nuclei near the neutron drip line has also been studied anf®re, Skyrme interactions with different parameters may pro-
discussed in the literatuf®,6]. Using deformed HF calcula- duce different properties for nuclei far from tigestability
tions, in Ref.[7] a series of medium-heavy neutron-rich nu- line. In this paper we use the SKMnteraction as a standard
clei is found, in which the presence of the neutron skin carSkyrme interaction, however, we always check whether or
be recognized and yet the neutron one-particle spectra are fapt the same conclusion can be drawn when we use other
from those in a harmonic Osci”amﬁp]us Spin_orbil poten- Skyrme interactions. As numerical examples we choose nu-
tial. The conclusion of Ref(7] is drawn from the study of clei with the mass numbek~120, which are large enough
0ne-partic|e levels which are bound by more than 1 MeV. to obtain a variety of one—particlpshells around the Fermi
In this paper we aim at the investigation of the single-level.
particle and the collective properties unique in drip-line nu- In Sec. Il the result of single-particle properties obtained
clei by focusing our attention to the shell structure embeddedfom the calculation of the HF and one-particle resonant
in the continuum. First, performing the calculation of one-states is presented and discussed. In Sec. Ill the result of
particle resonant stat¢8] in the HF potential, we study the collective (isoscalar monopole, isovector monopole, isovec-
variation of one-particle spectra of spherical nuclei for ator dipole, and isoscalar quadruppteodes is given and dis-
given mass number going from the proton drip line to thecussed. Conclusions and further discussions are presented in
neutron drip line. Analyzing the obtained one-particle spectra>ec. V.
in terms of the? term used in the modified oscillator poten-
tial we try to parametrize the quantitativ_e informati_on on the Il SINGLE-PARTICLE PROPERTIES
variation of the HF potential. We examine also directly the
calculated proton and neutron densities as well as the varia- The HF equation for spherical shape is solved by the Nu-
tion of the radial shape of the HF potential. Second, we esmerov algorithm with a space mesh size 0.1 fm and 200
timate collective properties of the nuclei, using the RPA withmesh points. Then, the reference radiuef the calculations
the same Skyrme interaction as used in the HF calculatiois 20 fm, which is large enough for the drip-line nuclei stud-
and with the Green’s function meth@é] which produces a ied in our present work. The one-particle levels are filled
proper strength function in the continuum. All basic informa-from the lowest one upward. For open-shell nuclei the last-
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occupied] shell is partially filled. If configurations, among

’ ) c . . ) a ] . 8 I | I | I [ 1

which the partially filledj shell is different, will energeti- > g3 () A-120 (SkM) o
cally compete, we choose the configuration which has thez 4 4 C
lowest total energy calculated in the HF approach. = 2 q Mgl -
After having fixed the HF configuration, unoccupied one- g 0 7 [} -
. . . c 2 512, [
particle levels are calculated for the HF potential. Eigenval- o ] gpuz]] B
ues of one-particle levels with negative energies can be easﬁ :g ] 2@7;] F
ily obtained with good accuracy. We estimate all one-particle § _g 1 Vel o
levels belonging to one major shell above the Fermi level. If § 1o 1 B -
those levels lie in the continuum we try to evaluate one- § -12 ;gm{ -
particle resonance energies. The resonant states are found sg -14  [ig) -
that the phase shift passes throug with positive slope at < -16 7 C
the one-particle energies. It is easy to obtain the resonant2 18 ] C

states for protons, because of the presence of an appreciably -20 ' : ' ' ' : ' :
58 66 74 82 80

high Coulomb barrier outside of the nuclei. In contrast, for

the neutron one-particle states with lower orbital angular-
momenta the resonant states are not always obtained because 4
of the lack of a sufficiently high centrifugal barrier.

In Figs. Xa) and 1b) we show the calculated neutron
one-particle spectra for the mass numbér=120 and
A=110, respectively, going from the proton drip line to the
neutron drip line, while in Fig. 2 the corresponding proton
one-particle spectra foA=120 are plotted. For the one-
particle levels with positive energies the solid circles show
the calculated energies of resonant states, while the absencg 10
of solid circles in Fig. 1 indicate that resonant states are not§ .12
obtained. In the latter case we have taken a procedure ofg -14
estimating the energies by adjusting reference raliothe E -16
HF equation so that the resulting one-particle energies be-= :20
come a smooth continuation of the boufm resonanten- 5 50 68 76 84
ergies obtained for smaller neutron numbers. Although this N
procedure is not mathematically founded we expect to obtain

a reasonable idea of the energy values. From Fig. 1 it is gG. 1. Neutron one-particle spectra for nuclei with a fixed mass
clearly observed that among neutron one-particle levels closgymber as a function of neutron numbes) A=120 and (b)
to zero energies the levels with lower orbital angular mo-A=110. For a giverA the energy levels are calculated for all even-
menta are pushed down relative to those with higher angulasven nuclei from the proton drip line to the neutron drip line. The
momenta, as the neutron drip line approaches. We observesalid circles with positive energies are obtained as one-particle reso-
similar, but much less pronounced, tendency in some protonant states. The levels of a given shell with Ng[=2(n
resonant energies in Fig. 2, as we approach the proton drip1)+I]=4 are connected by solid lines, those with,=5 by
line. Furthermore, it is seen in Fig. 1 that as we approach thdashed lines, and those with,,=6 by dotted lines. On the left side
neutron drip line the energies of some neutron particle-holef the figure the quantum numbersl[] of the levels are denoted
(p-h) excitations across the major shell will become consid-according to the energy order. On the right-hand side the quantum
erably smaller. The influence of the smaller energies on th@umbers are given in the same way, with an explicit indication by
properties of collective modes will be studied in Sec. IlI, dotted lines.
treating particles in the continuum in a proper way.
Analyzing the calculated one-patrticle energies in terms o
the? term used in the modified oscillator potentigr ex-
ample, see Ref.10]) we try to quantify the observation de-
scribed in the previous paragraph. TlReerm was added to
the oscillator potential so as to lower one-particle energie
with largerl| relative to those with smalldr, corresponding
to the single-particle level ordering in the potential with a
surface. In Fig. 3 we plot the quantifg]

(b) A=110 (SkM¥)
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xpresses the one-particle energy averaged over spin-orbit
ﬁartners with the orbital angular momentuinThe values of

(1) are calculated using energies in Fig. 1 for a given value
of Ngp, as a function of orbital angular momenta of neutrons.
Solid circles and squares connected by solid lines denote the
auantity in(1) for B-stable nuclei, while unfilled signs con-
nected with dashed lines are for neutron-drip-line nuclei.
From Fig. 3 it is seen that the coefficient of tfeerm in the
neutron-drip-line nuclei becomes zero or obtains even an op-
posite sign for the partially filledNg,=5 major shell. An
opposite sign of thé? term means that, compared with the

) harmonic oscillator spectra, one-particle orbitals with lower
wherel i, is equal to 0 foNgp[=2(n—1)+I]=even and 1  3ngular momenta and more radial nodes are energetically
for Ngy=0dd. The quantity pushed down relative to those with higher angular momenta
and less radial nodes. The pushing down is a result of the HF
potential with a very diffused surface. This change of lthe
term is very pronounced only for the levels witk=—1.5

g1 =8| (1

1
8|:m[|8j:|+1/2+(|+1)8j:|—1/ﬂ 2
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N T T T R N TABLE |. Mean energy distance between tNg, shell and the
< 1 A=120(SkM*) i Nsp—2 shell estimated for threA=120 nuclei; the neutron-drip-
2 10 - line nucleusi2%rg,, the B-stable nucleus3’Sny,, and the proton-
N Y - drip-line nucleusziBag,- ey, is defined in Eq(3).

B T {gpw% 3‘_;;;493"-.,,.— L

o 1 Bper 2z 4 T " i - - -

c 1 ot g . {8pan] [ Z=36 Z=50 Z=56
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-20 L LA B B S S B A B From energies in Figs. 1 and 2 we extract the quantity
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sNW( 2]+ 1),
FIG. 2. Proton one-particle spectra far=120 as a function of J(N)—
proton number, from the neutron drip line to the proton drip line. EJ. sW(2j+1)

See caption to Fig. 1.
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MeV, as seen in Fig. 3. The quantity () for the deeply |5 Taple | we show the calculated valuessgf — &y for

H i i i HE sh sh
bound neutron orbitals in the neutron-drip-line nuclei is notth A=120 lei- th tron-drio-li led2%
so different from that in thg-stable nuclei. ree A= nuciel, the neutron-drip-ineé nucte e

Using only bound one-particle levels calculated with the®"d the -stable nucleuss’Sry, and the  proton-drip-line
SkP interaction, a similar result of th&term for the case of nucleussg Bag,. We observe that the mean energy distance
N.,=4 andl=4 is previously pointed out in Ref4]. If we between neutron major shells depregses appr_emably a_round
draw Fig. 1a) using the SkP interaction, which will be the the Fermi surface of nel_Jtron—drlp-Ime nuclei. A detailed
same figure as a part of Fig. 3 of Rg4] except the part for ~Study shows that one-particle one-hélp-1h AN,,=2 ex-
positive energies, our conclusion remains semiquantitativelgitations with smallej values have much smaller excitation
the same. The only noticeable difference is that in the case ¢fnergies than the values given in Table I. Furthermore, the
the SkP interaction all energy levels below the neutron numtesults in Table | suggests that if we could have estimated the
ber N=82 are appreciably pushed up in all nuclei. Thatvalue of ey _s—&n_ -4 for neutrons in3gKrg, it would
means, théN=82 shell gapg(namely, the energy distance be- have been much smaller than 17 MeV. The small energies of
tween the h,,,, level and otheNg,=5 levelg becomes, as a the neutron 1p-1M\N,,=2 excitations, in which the holes
total, appreciably smaller for the SkP interaction. Theare in the last filled shells of the doubly magic neutron-drip-
smaller shell gap may lead to a considerably different resuline nucleusiiNig,, are carefully studied in Sec. Ill A in
in astrophysicat procesq11]. connection with the isoscalar monopole mode.

In order to exhibit the presence of the neutron skin in
neutron-drip-line nuclei considered presently, in Fig)4ve

5@ AT B O A o show the HF density as well as the neutron HF potential for
o 3] TOoENNT [ TR two extreme nuclei, the proton-drip-line nucle}§éSny, and
219 e o the neutron-drip-line nucleugNig,, which have the spheri-
4 R N5 cal shape in the ground states. In Fi¢h)Ave show the same
35 NS \:\. quantities for twoA=120 nuclei, the nucleuz’Srg, lying
Lo - N_ close to the neutron drip line and the-stable nucleus
o8 C " $3%Sn,0. In Sec. lll those nuclei in Fig. 4 are used as ex-

37 ‘ ’ ' i ' ' ‘ amples for illustrating the calculated properties of collective
< 17 - modes. From the upper part of Figgagand 4b) the pres-
PRI A - AN ence of the neutron skin is clearly seen for the nukj®lig,
p j NN v NN\ and 33°St,. In the lower part of Fig. @) the very diffused
3 e E B N Nt surface of the neutron potential §§Nig, is demonstrated, in
“'7' p Nu=2 A Noy=2 contrast to the shape of the neutron potentiaddn.,. The

- ' T ' ' T ' considerably deeper depth Wf, for £5%Sn., than for 33 Nig,

0 4, 0 41 8 is known to come from the larger proton number and the

strongly attractive neutron-proton interaction. Since in
FIG. 3. Evaluation of thé? term in neutron one-particle spectra; 50 Sy the energy of the last filled level of protons is only
—&,min iN Eq. (1) is plotted as a function of orbital angular mo- 3.2 MeV compared with 17.0 MeV of neutrons, in the upper
mentum. The left half of the figure is fok=120, while the right ~part of Fig. 4a) it is seen that the proton density is larger
half for A=110. Unfilled marks connected by dashed lines denotghan the neutron density outside of the nuclear surface, in
the quantity for neutron-drip-line nuclei, while filled marks con- spite of the presence of the large Coulomb barrier for pro-
nected by solid lines express that ferstable nuclei. tons.
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Tl @ s - So(E)=20 [(i]Q|0)|*8(E~E))
-1 —— Neutron -
-3 - ~ =~ Proton - 1
-5 -] (z-28 n-8) - = Im TTQ'Go(E)Q], (4)
= ] i
ERS -
8 o (=0 M= L where G, is the noninteracting p-h Green function, and the
41 . C RPA strength function
13 N - )
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0
10 - - ! t
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T
g -20 N -
~.-30 7] (Z=28 N=82) - In Eqs_. (4) and (5) Q expresses one-body operators, which
-40 (2250 Nos0) - are written as
-50 - -
60 2 QM O70=2) rP¥oilf)
E - i
"‘70 LI I A S B A | T T 7T 1 1T
0 S 10 15 20 for isoscalar monopole mode$6)
r (fm)
1] N QMO =2 TPl f)
A4 (b) SkM* L .
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=] 7 Proon C for isovector monopole modesy)
. -b - (z=38 N=82) -
& 7 7 r
e ] 50 N= - A=2,7=0_ 2 -
S o] (Z=50 N=70) \\\\\ . u QM 7=0_ EI ri YZN(ri)
11 B
13 B for isoscalar quadrupole modes, afft)
-15 i TR T T OO0 VN TN T N Y Y VO N [ S OO O 3
0 Q=2 T Yuu(f)
10 4 =
> T - . .
2 -20 - for isovector dipole modes(9)
= -30 {Z=50 N=70) = . .
> 40 ] (2-38 N-82) C For bound states below the particle threshold the excita-
A B tion energies and the transition strengths appear as poles and
-50 - residues, respectively, of the real part of the response func-
-60 - tions THQ'GrpaQ). Thus, they have to be found in a differ-
1 Y ent way from calculating the expression (§). From the
0 5 10 15 20 same mathematical reason, the unperturbed strength function

r (fm)

FIG. 4. Calculated HF density and neutron HF potential as

function of radial coordinate(a) 3MNig, and i3%n.,; (b) two
A=120 nuclei 33%rg, and £3%n;,. The densityp expressed in the
unit of fm™3 is plotted in the logarithmic scale.

Ill. COLLECTIVE MODES

defined in Eq(4) does not contain the strength of the bound
p-h excitations, in which the particle occupies a bound one-

aoarticle state. However, if the unperturbed energies of those

p-h excitations are above the particle threshold, the strength
of those p-h excitations appears in the calculated RPA
strength function in(5), due to the coupling to the con-
tinuum. We note that in neutraiproton)-drip-line nuclei the
proton (neutron potential is so deep that the major part of
proton (neutron p-h excitations, in which protoneutron
particles are in bound one-particle states, can easily lie above

Using the same Skyrme interaction as used in the Hfthe particle threshold. In any case we always check the
calculation, collective modes are calculated in the RPA Wit%nergy_weighted sum rule, in order to make sure that an

the Green's function technique solved in the coordinateappreciable strength is not missing in our RPA strength func-
space[12]. Spherical nuclei, in which the pair correlation tions.

will not play a role, are considered in the following. We

examine both the unperturbed strength function

In the present calculation the particle escape width is fully
included, since we treat the particle continuum in a proper
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way. However, the spreading width of collective modes dueof the unperturbed neutron strength of the monopole operator
to the coupling to nearby complicatéshany-particle—many- in expressior(6) [or (7)] is found below 20 MeV. A detailed

hole) configurations are not included. study of the strength expressed by the dotted line in Rig. 5
The transition density for an excited stéie, shows
A (a) for the configurations with the neutron hole in the
Ty — S(r—r. 1 1h1_1,2, 197/, 2d35, 351, and Ads,, shells(i.e., the last-filled
Prof) <n Z’ (r=r|0 (10 major shell the monopole strength starts to appear at the

excitation energy of 0.8—5.1 MeV and reaches the maximum

can also be calculated, since the imaginéma) part of  at 6-10 MeV, having a large tail on the higher-energy side.
Grea(r,';Ep) is proportional toppo(r)pno(r’)" whenE, is  For example, the strength with the hole in the,, shell
above (below the particle threshold. Using the transition starts at 0.8 MeV and reaches the maximum around 10 MeV,
dep_sity in Eq.(10) one obtains the reduced transition prob-yhile the one in the 8,,,-shell begins at 3.8 MeV with the
ability maximum at 6.3 MeV. The energies of those maxima have
2 nothing to do with the one-particle resonance enerfl&$
, (1) and, indeed, no resonant states with the respective quantum
numberd; are found in this nucleu&Ni;

(b) for the holes in the g5, 2p1/2 1f5, and P4, shells
(i.e., the major shell for 28N<50) the strength starts at
9.1-13.0 MeV with the peaks at 12—-16 MeV,

B(\,7.0—n)=>, f pro(NQLT dr
y73

where the excited state denotedrbhas the angular momen-
tum (Aw). The radial transition density!(r) is defined by

r ooy = ® for the holes in the 1., shell (i.e., the shell for 20
(1)=pY(r)Y, (7). (12 (© 712 :
Pno P M <N=28) the strength starts at 17.5 MeV and has a peak at
It is useful to estimate the moments, defined by E,~18.7 MeV, which is the relatively narrow peak seen in

the dotted line of Fig. &). The peak energy is nearly equal
me=S, (E,—Eo)|(n|QJ0)[2. (13 to the energy of the f;;,—(resonan® f,;, excitation.

n The above result$a)—(c) explain the peaks of the unper-
turbed neutron strength in Fig(&, dividing the excitation
energy into the three regions, 6—-10, 12—-16, ai8.7 MeV.

It is remarkable to see that a significant part of the unper-
, (14)  turbed monopole strengths, which lie at the frequency of
M2 2hwy (=17 MeV for A=110) in the harmonic oscillator
é'nodel, appears at so low excitation energies. In contrast,
there is no unperturbed proton strength below 22 MeV, and
the bound proton p-h excitations, pdo,—2psm  1pip
77 2P 12 28117385 1d3;,— 235, 1d5,—2d5p, and If 7,
—2f,, lie at E,=22.2-26.2 MeV. Examining the plotted
RPA solution for both isoscalar and isovector modes, we see
that those bound proton p-h excitations couple weakly with
%805%0 and %éol\ligz at the proton drip line and the neutron the excitations _in the continuum and some part of _the p-h
strengths remains nearly at the same energy region after

drip line, tively. Th leu¥’s tl . . : . :
b ne, respectively e nucleuk’Sr, was recently olving RPA. This weak coupling of some p-h configurations

found and some experimental spectroscopic information may i .
soon be obtained. On the other hand, it may take years t a feature of the monopole mode, of which the coupling has

not only a peak at the surface but also an important contri-
bution from the inside of the nucleus that can cancel the
surface-peak contribution.

In £5%ny, the particle(proton threshold is at 3.2 MeV,
however, an appreciable unperturbed strength starts to appear
first around 12 MeV because of the presence of the large
Coulomb barrier. Thus, the unperturbed strength(4p is

In Fig. 5 we show the unperturbed strength function inconcentrated in a relatively narrow energy region centered
Eq. (4) as well as the RPA strength function in Ef) for the  around 22 MeV. All unperturbed proton strength is included
isoscalar and the isovector monopole modes. Already wheim the dotted line of Fig. &). On the other hand, since the
we compare the unperturbed strength functiorsi8Rig, in  neutron threshold o£3%Sny, is 17.0 MeV, there are bound
Fig. 5a) with that of £5°Sn., in Fig. 5(b), a clear difference is neutron p-h excitations, which do not appear in dotted lines
seen. In3INig, the particle threshold is 0.8 Meléee Fig. of Fig. 5b). They are 2,,-3s;, at 22.2 MeV,
1(b)], which is the energy required for one neutron in the lastld,,—2d;,, at 24.3 MeV, U;s,—2d;, at 24.8 MeV, and
filled 1h,4;, shell to be excited into the continuum. However, 1f,,—2 f,, at 25.2 MeV. These energies are very similar to
the strengtti.e., the dotted line in Fig.(®)] begins to rise those of the unperturbed proton excitations, in contrast to the
steeply[13,14] first around 3.8 MeV, which is equal to the case ofsiNig,.
energy required for one neutron in the occupieg,3shell to The difference between the properties of the RPA mono-
be excited intq(s,, states if the continuum. The major part pole modes of'™Ni and those of%°Sn is very prominent. In

Defining the various mean energi§§ by

— my
Ek:

E, andE; are often used, which are equal to each other if th
system has only one sharp peak excited by the ope€ator
The difference between the valueskf and E; expresses a
measure of the width or the degree of the fragmentation o
the strength.

As numerical examples to illustrate the dynamics uniqu
in drip-line nuclei we choose two doubly magic nuclei

make the nucleugzNig,. For comparison we present also
some numerical results of twA=120 nuclei, theg-stable
nucleusts®Sn,, and the nucleugs’Srg, which lies closely to
the neutron drip line.

A. Isoscalar and isovector monopole modes



770 I. HAMAMOTO, H. SAGAWA, AND X. Z. ZHANG 53

300.0 e [ T RO T SN [N N NN TR SN Y S N T 300.0 . TN N I S T T S T T T T T [ S O S

1 (a) (Z=28 N=82) | or RPA r 1 (¢) (Z=38 N=82) | r RPA r

. SKM+ soscalar E 1 SKM+ soscalar F

%250'0 -: ---- Isovector RPA :_ %250'0 _: ---- Isovector RPA :_
E 200.0 E MONOPOLE . Unperturbed | E 200.0 ] MONOPOLE Unperturbed |
kS : - & ] :
T 150.0 3 - T 150.0 3 .
= - L = ] [
g ] r g : C
o ] u o - C
= ] C 5 ] C
? 50.0 - ? 50.0 =
0.0 ] LI S B B B B B S S ’I .I““|”.I Y \I‘\l‘-- 0.0 , T e T=Tyer ~|~~_
0.0 10.0 20.0 30.0 40.0 0.0 10.0 20.0 30.0 40.0

ENERGY (MeV) ENERGY (MeV)
300.0 . TN N T TR N WO OIS TN Y SO N O N NN WO S S 300.0 . FS TR ST [ T N N |:| T T N N T R N |

1 (b} (Z=50 N=50) coscalar e | 1 (d) (Z=50 N=70) : oscalar P F

1 Skivl+ soscalar C ] SKM# soscalar C

% 250.0 ] ---- Isovector RPA | % 250.0 3 ---- Isovector RPA |
E 200.0 _: MONGPOLE Unperturbed :_ E 200.0 _: MONOPOLE [} & .. Unperturbed :_
& ] : E : :
T 150.0 ] - T 150.0 .
= ] C = ] C
9 h C 1Y) ] C
£ 100.0 3 . & 100.0 -
ot ] C @ ] C
= ] C E ] - n
? 50,0 7 ) - ? 500 7 TN o
O-O ] T T T T I T I‘ = T | T T T ~'I..'.luul. T T Ll T O-O . T T T T ;;—l T T T | T T I...I”..|“.'l. T T T T
0.0 10.0 20.0 30.0 40.0 0.0 10.0 20.0 30.0 40.0

ENERGY (MeV) ENERGY (MeV)

FIG. 5. The unperturbed strength function defined in Ef.and the RPA strength function in E¢5) for isoscalar and isovector
monopole modes as a function of excitation enetgys3Nig,, (b) 3%, () 323°Srs,, and(d) £2°Snyo. The unperturbed strength function
is the same for the isoscalar and the isovector operators. In the region of 20—26 MeV several bound p-h eXpitatiionsonfigurations
for *™i and neutron configurations f3P°Sn) are present, which do not appear in the dotted lines of the figures. However, the presence of
those p-h excitations can be recognized as peaks seen in the RPA strength function. See the text for details.

TNig, the major part of the isoscalar strength is shifted toder to further illustrate this similarity and difference, in Figs.
the region of a very low excitation energy and the GR ob-5(c) and %d) we show the calculated result of twa=120
tains a very broad width. Both the very low frequency andnuclei,32°Sr,, lying close to the neutron drip line ag’Sny,
the broad width of the GR are the direct result of the charbeing B8 stable. It is seen that monopole modes3§iSr,,
acteristic feature of the unperturbed strength distribution ir(%éOSnm) exhibit the characteristic features seensgNig,
the neutron-drip-line nucleus, which is described above ifz°Sr), but not in a so extreme way as shown in Fi¢p)5
detail. In contrast, the RPA strength &4°Sn,, is concen- [5(b)]. The particle(neutron threshold energy id3%Sr, is
trated nearly to one GR peak with a relatively narrow width.4.4 MeV [see Fig. 18)]. However, the strength.e., the dot-
The properties of the RPA isoscalar GRifISny, are in fact  ted line in Fig. %c)] starts to rise steeply first around 6.5
rather similar to those known iB-stable nuclei. MeV, which is the energy required for one neutron in the
The RPA isovector strength §§Nig, shows an extremely 3s;,, shell to be excited into the continuum. Comparing Fig.
broad distribution and consists of, roughly speaking, two5(c) with Fig. 5(d) we find it remarkable that the shape of the
parts; the lower part coming exclusively from the neutroncalculated isovector GR, which has a peak around 29 MeV
strength in which neutron holes are in the last-filled majorand a large tail on the higher-energy side, is nearly identical
shells and the higher peak which is analogous to the isovedn 12°Sr;, and3°Sn,, for E>30 MeV, though the distribution
tor GR known ing-stable nuclei. In contrast, the RPA is- of the unperturbed strength is very different in those two
ovector strength of3°Sny, has only one isovector GR peak nuclei.
similar to the one inB-stable nuclei, though some strength  In Table Il some calculated result of monopole modes is
can be found in the lower-energy region. summarized. The difference between the two mean energies
The main features of monopole modes 3Sn, are E; andE; becomes larger for a peak with a larger widn
rather similar to those irB-stable nuclei, while monopole for several peaks spreading over a larger energy rggion
modes iniiNig, show drastically different properties. In or- since the quantitf is obtained by heavily weighting the



53 SINGLE-PARTICLE AND COLLECTIVE PROPERTIES P. . . 771

TABLE II. Properties of monopole modes and the mean field.

| | | | | 1
el'(en") expresses the protdneutron threshold energy, whilég 2 N 10 I
denotes the HF ground-state expectation value of isoscalar radiusy ,f"/\
squaredE, is defined in Eq(14), while K in Eq. (15). o O :
2 1 ISOSCALAR MONOPOLE -
Nucleus #Nig;  5Sng  $SE 558y 2-10 B
2]
& (MeV) 306 32 21.7 10.4 s 1/, 0 o E=5.0MeV I
& (MeV) 08 17.0 4.4 8.3 c 20 7 Bett75MeV -
(r2y(fm?) 232 19.2 228 21.9 = 1 E2825MeV
Isoscalar mode |‘_§ %0 i |
E; (MeV) 10.5 18.1 13.6 15.8 40 | | | ' | |
E; (MeV) 14.0 18.9 15.3 16.7
K (MeV) 61 151 101 131 0.0 2.0 4.0 6.0 r (?r.r(‘)) 10.0 120 140
Isovector mode
E, (MeV) 15.9 31.2 22,5 26.6 10 : ' y ' ' '
= {b) (Z=50 N=50)
E; (MeV) 27.1 35.3 30.6 314 & 1 SkMs N -
(:'§ 0 , RS
_ o L
higher-lying strength. Using,, the calculated quantity i; 10 ISOSCALAR MONOPOLE N
w0
2 < -
K=E2 mf(irz ) (15 'qi -20 E,=17.50 MV -
2 1 /S e E,=19.75 MeV -
is also given, which may be a measure of the incompressibil- % -30 "
ity of the nuclei. SmalleK values obtained for nuclei with = "
larger N—2Z)/A values in Table Il may come partly from the -40 | | . | , .
strong softening of the equation of state going from symmet- 00 20 40 60 80 100 120 140
ric to asymmetric nuclear matt¢i6] and partly from the r (fm)

very low particle threshold in the neutron-drip-line nuclei.

For reference, the excitation energy of isoscalar monopole FiG. 6. Radial transition density{(r) on the RHS of Eq(12),

GR observed ing-stable nuclei is approximately written as of RPA isoscalar monopole mode at several energies as a function

76A" % MeV for A~120 (see, for example, Reff17]),  of radial coordinate(a) %Nigy; (b) 1°Sn,. Transition densities

which gives 16.4, 15.9, and 15.4 MeV f8r=100, 110, and plotted in Fig. 6a) [6(b)] are those of the RPA isoscalar monopole

120, respectively. There is some evidence for isovectomodes at respective energies in Figg)g5(b)].

monopole modes in experiments, however, the sum rule con-

sumed by the observed modes is not yet well establishednonopole mode fobiNig, and £3°Sn, is shown at several

Thus, we may say that the frequency of the GR is not yeenergies. The radial dependencegfr) is obtained from

known even fors-stable nuclei. On the other hand, the hy-the imaginary part ofGrpa(r,r’;E,) after the integration

drodynamical model by Bohr and Mottelspt0] predicts the  over one of the radial coordinate€, while the absolute

frequency of the isovector monopole GR to be written asmagnitude is fixed using Eg11), of which the left-hand side

170A" 3 MeV, and other available models give more or lessis calculated from the energy integration $fE) in Eq. (5)

the same result. over 1 MeV arouncE, . The shape of the transition densities
The prominent contrast between the RPA monopolef 1iNig, at E,=11.75 MeV oris%Sn,, at E,=17.50 MeV is

modes calculated for neutron-drip-line nuclgkstable nu-  that of a typical collective monopole mode, which changes

clei, and proton-drip-line nuclei remains unchanged wherhe sign around the nuclear surface. Comparing those two

other Skyrme interactions are used. However, the calculategbllective transition densities we see that the transition den-

distribution of the isoscalar monopole strength in a givensity of the neutron-drip-line nucleug™Nig, changes the sign

nucleus, which is shown in Figs(&-5(d), is known to be at the place 0.7 fm outside that f'Sn;, and is extended to

sensitive to the incompressibility of the Skyrme interactionfar outside of the nuclear radius. This appreciable amplitude

used[12]. For example, if the SlII interaction is used, of of the transition density outside of the nuclear surface can

which the incompressibility for the nuclear matter is 356 affect strongly, for example, the reaction cross section by

MeV instead of(the more reasonable value) @16 MeV as  strongly absorbed particles. The transition densitgzilig,

for the SKM" interaction, the calculated position of the RPA at E,=23.25 MeV represents a shape of(@oton) 1p-1h

GR peak is shifted to a higher energy region by a few MeV.excitation, while the one aE,=5.0 MeV is regarded as a

In addition, in the energy region just above the particletypical shape coming from threshold phenomena.

threshold the RPA isoscalar monopole strength is weaker

than the unperturbed strength. This is principally due to the

weakly repulsive nature of the p-h interaction derived from

the Slll interaction at smaller distances. In Fig. 7 the calculated strength function of the isovector
In Fig. 6 the radial transition density of the RPA isoscalardipole modes fogiNig, and £3°Sny, is shown. We note that

B. Isovector dipole mode
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TABLE Ill. Mean energies of isovector dipole modes and isos-
calar quadrupole modeEg, is defined in Eq(14).

(22}
o

< 50 @ (2=28 N=82) Isovector RPA -
E’ _ Sk e Unperturbed L Nucleus 28 Nig, SN0
oE 404 Dol B Isovector dipole mode
= I E; (MeV) 11.3 16.8
x 307 i E; (MeV) 14.8 17.8
% 20 4 L Isoscalar quadrupole mode
B i E; (MeV) 4.6 9.9
% 10 - L E; (MeV) 11.2 14.2
0 T T
0.0 30.0 Due to the repulsive nature of the isovector interaction,
ENERGY (MeV) the unperturbed dipole strength is shifted to a higher energy
60 T T S S S R T region when the RPA correlation is taken into account. Due
_ L to the very fragmented unperturbed p-h strength, the RPA
(b) (Z=50 N=50) . S g
< 50 - Sk Isovector RPA - dipole strength iz Nig, is seen to be very much fragmented
2 4 " Unperturbed - in a large energy region and the center of the strength lies in
>~ 40 4  Dipole 4 - an appreciably lower-energy region, compared vgtstable
E i boE i nuclei. In contrast, the distribution of the strength function in
T 307 i 2%, is relatively similar to that ing-stable nuclei.
g 20 i In Table Il we list the calculated mean energies of isovec-
t J ) L tor dipole modes. For reference, the frequency of isovector
& 10 : - dipole GR observed irB-stable nuclei withA>50 is ex-
L pressed as 79 MeV (for example, see Ref10]), which
0 — e gives 17.0 and 16.5 MeV foA=100 and 110, respectively.
0.0 10.0 20.0 30.0
ENERGY (MeV) C. Isoscalar quadrupole mode

FIG. 7. The unperturbed strength function defined in @gand In Fig. 8 the ca!culated transition strength of isos_calar
the RPA strength function in ES) for isovector dipole mode as a duadrupole modes is shown. In the casgigiig, shown in
function of excitation energy@) 5 Nig,; (b) 23%ny,. In the region  Fig. 8@ an extremely strong sharp peak is obtained slightly
of 9.5-16 MeV several bound p-h excitatioffgroton configura- above 1 MeV, which originates from the unperturbed neutron
tions for *™Ni and neutron configurations fd’Sn) are present, excitation 1h;;,—(resonan® f,, at 2.2 MeV and collects
which do not appear in the dotted lines of the figures. However, thehe strength from higher-lying p-h excitations. The energy of
RPA solution contains all strength. See the text. the unperturbed 1p-1h*2excitation, 2.2 MeV, which is un-

usually small for a doubly closed-shell nucleus, comes from
in the present self-consistent RPA calculation the spurioud'® neutron shell structure unique in the neutron drip line
center-of-mass motion is automatically separated out froniS€€ Fig. )] and indicates that the neutron numié82
the physically meaningful excitatioj48]. In the harmonic 'S "© longer a magic number. The bound proton p-h excita-
oscillator model the dipole mode has only one unperturbe&iIons 167,115, and 17, 2pg, at 4.3 and 4.9 MeV, re-
frequency(=fiwp), just as the monopole mode has only onei/lp:\(/:t'i\rl]e:Xi’garg(a)reﬁ%oenségeigosre;hf at;v%nng Igtei\?(le(lil ?Jtro4aas
\L/Jv:gefﬁﬁés e:%%i%gfethsetrzzl;ﬁ Ziasszr;.afl |dAe,S?:]I bre]gu];?g:]tlgeak centered around 11 MeV. Some unperturbed quadrupole

strength of neutron excitations, in which the neutron holes

drip-line nuclei the calculated dipole strength of the unper-; . i-'the last-filled major shell, appears at very low excita-

turbed p-h excitations is spread over a large energy region;, energies above the particle threshold, in a similar way as
The dotted line in Flg. (A contains oply the neutron unper- gescribed in Sec. IIIA for the unperturbed monopole
turbed strength, which has peaks in the energy region ofyrength. However, in the case of the quadrupole operator
4-10.5 MeV. All proton unperturbed strengtffer E<30  those excitations carry only a fraction of the total strength, as
MeV) come from bound p-h excitations and the major peaksbserved in the dotted line of Fig(a&. The unperturbed
are located in the region of 9.5-16 MeV. Thus, the majomound proton p-h excitations for the quadrupole operator are
strength of the whole unperturbed p-h excitations'iNi is ~ found in the region of 20—30 MeV, corresponding to the
spread over the region of 4—16 MeV. In contrastgifSry,  proton excitations at 22—26 MeV in the case of monopole
the peaks of the dotted line in Fig(bJ express the proton modes described in Sec. Il A. However, in contrast to the
unperturbed strength and are present in the region of 9—1&ase of monopole modes, they do couple strongly with the
MeV. Almost all neutron strengths come from bound p-hunperturbed excitations in the continuum by RPA correla-
excitations and the major peaks are localized in the region dions and, consequently, the p-h strength is shifted to the
9.5-16 MeV, namely, in the same energy region of protorlower-energy region. This strong coupling comes from the
peaks. surface-peaked shape of the interaction in the case of quad-
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3000 by GR observed irB-stable nuclei is expressed as’68”> MeV,
] (@) (Z;i:; *N—82) Isoscalar RPA - WhICh gives 12.5 and 12.1 MeV f@x=100 and 110, respec-
>2%03 (L Unperturbed - tively. . . .
2 3 QUADRUPOLE C The isoscalar quadrupole mode in a very light neutron-
2000 E drip-line nucleusi®0,, was estimated in Ref19] using HF
S ] L i0) - plus RPA. However, since the particle continuum was not
E 1500 E - treated in a proper way, the very interesting feature coming
g 1000 B F from the very small threshold energy in neutron-drip-line
o 1 F nuclei, which is discussed in our present work, did not seem
% s00 4 L to be properly pinned down in Ref19].
0 TR e IV. CONCLUSIONS AND DISCUSSIONS
0.0 10.0 20.0 30.0
ENERGY (MeV) We have studied the structure of single-particle levels of
both neutron-drip-line and proton-drip-line nuclei solving the
3000 . (b') <z‘=50| N=tl'>0) L = spherical HF equation and further estimating the one-particle
] SkMe Isoscalar RPA - resonant states in the HF potential. It is found that for neu-
25003 T L Unperturbed - tron orbitals withe=—1.5 MeV the one-particle levels with
= 000 QUADRUPOLE - lower angular momenta are appreciably pushed down rela-
& . £ tive to those with higher angular momenta, as the neutron
1131500 3 - drip line approaches. The lowering of those neutron one-
5 ] 4710 - particle levels is due to the neutron potential with very dif-
Z 1000 | - fused surface, since the orbitals with lower angular momenta
o ] e . £ and more radial nodes are energetically favored in the dif-
5 500 3 i o) - fused potential. A similar, but much less pronounced, varia-
] ! r JL . L tion of the shell structure is observed in some proton one-
0 T s A particle resonant energies, as we approach the proton drip
0.0 10.0 20.0 30.0 line.
ENERGY (MeV) Next, the unperturbed monopole strength is studied by the

Green’s function method. We have found that in neutron-

FIG. 8. The unperturbed strength function defined in@gand  drip-line nuclei an appreciable amount of the neutron
the RPA strength function in E¢5) for isoscalar quadrupole mode  strength lies in the region of drastically low excitation energy
as a function of excitation energya) 53Nig,: (b) 5°Smso. In the  compared withg-stable nuclei. These strengths come from
region of both 4-9 MeV and 20-30 MeV several bound p-h exci-the configurations in which the holes are in the major shell
tations (proton configurations fot'Ni and neutron configurations just below the Fermi levels. The energies at which the
for 1%Sn are present, which do not appear in the dotted lines of th&irengths of those configurations reach the maximum are not
figures. lHOV;:ever’ the RPA iolun;)r; clz\;m\t/ams al S;rengt_h‘ Fogtherelated to the resonance energies of the one-particle motion
extrimey sharp strong peak at 4.5 Me é_ﬁPSna-ot e estimated ¢ hautrons. On the other hand, the energies of the proton p-h
B(A=2) value in units of fif is shown in Fig. &) by a vertical - . . .
dashed line, instead of plotting the strength function. See the te xcitations are slightly hlgher than those frstable nuclei.
for details. onsequently, the essential part of the whole unperturbed p-h

strength is fragmented over a very large energy region; for

rupole modes, which produces the strong coupling for almos¢éxample, 6—26 MeV in the case &™Nig,. Thus, the prop-
all p-h excitations irrespective of the form factors. erties of collective modes in neutron-drip-line nuclei can be

In the case of3%n,, the RPA solution at 4.5 MeV lies very different from those ing-stable nuclei. In contrast, in
above the particléproton threshold, 3.2 MeV. However, the proton-drip-line nuclei the energies of unperturbed proton
peak has a very large height with an extremely narrow widthexcitations are pretty similar to those of neutron p-h excita-
Therefore, instead of plotting the strength function, in Fig.tions.
8(b) the estimatedB(\=2) value for the peak is shown by a Solving the RPA equation with the Green’s function
vertical dashed line in units of ffnThe bound neutron p-h method, the isoscalar monopole GR in neutron-drip-line nu-
excitations, Jg,— 2ds, and 1gg,,— 195, are at 5.9 and 8.6  clei is found to lie in a very low frequency region and have a
MeV, respectively, while the unperturbed proton excitationsarge width, compared with the case Bfstable nuclei. In
1gq,,—(resonan®ds, and 1gg,,—(resonantlg,,,, are at 5.7  contrast, the isoscalar monopole GR in proton-drip-line nu-
and 8.3 MeV. It is seen that in this proton-drip-line nucleusclei is relatively similar to that irB-stable nuclei, though the
10051 the unperturbedNg,=0 excitations as well as the frequency is slightly higher.
ANg,=2 excitations have nearly the same energies for pro- The RPA strength of the isovector monopole mode in
tons and neutrons. Consequently, the isoscalar quadrupofeutron-drip-line nuclei has an extremely fragmented distri-
GR is obtained as a relatively narrow peak around 14 MeVpution, which consists of approximately two parts; the lower-
which is a slightly higher energy than that of the GR knownlying part unique in neutron-drip-line nuclei and the higher-
in B-stable nuclei. lying peak which is similar to the GR known iB-stable

In Table Il the calculated mean energies are listed. Fonuclei. In contrast, the RPA isovector monopole strength of
reference, the excitation energy of the isoscalar quadrupoleroton-drip-line nuclei has only one GR peak similar to the
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one inB-stable nuclei, though some RPA strength is found inthe GR known ing-stable nuclei. In the proton-drip-line

a lower frequency region. nucleusd’®ny, the unperturbed quadrupole p-h excitations
The difference of the distribution of the isovector dipole with AN.,=0 as well as those witAN,,=2 have similar

strength between neutron-drip-line nuclei and proton-dripfrequencies for protons and neutrons. Consequently, the isos-

line nuclei is analogous to that in the case of the isovectogalar quadrupole GR appears as one peak, of which the fre-

monopole strength. The RPA dipole strength3§Nis, is  quency is slightly higher than that j-stable nuclei, with a
fragmented over a large energy region, of which the centefe|atively narrow width.

lies appreciably lower than that gfstable nuclei, while the
distribution of the RPA dipole strength §°Sn, is relatively
similar to that of 3-stable nuclei.

In the doubly magic nucleusi™Nig, we have obtained a
strongly collective 2 state slightly above 1 MeV, which The authors would like to express their sincere thanks to
originates from the unperturbed neutron excitation,Professor Ben Mottelson for fruitful discussions. One of the
1hyq—(resonan? f,, lying at so low as 2.2 MeV. The authors(X.Z.Z.) is grateful to Crafoordska Stiftelsen for a
isoscalar quadrupole GR has a broad width centered arourfihancial support, while the othéH.S) to Japan Society for
11 MeV, which is appreciably lower than the frequency ofthe Promotion of Scienc€ISPS.
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