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Core polarization charges of quadrupole transitions in neutron drip line nuclei
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Core polarization charges of quadrupole transitions in light neutron drip line nuclei are studied by using a
particle-vibration coupling model with Hartree-Fock single-particle wave functions and random phase approxi-
mation response functions iRf0. We obtain very small core polarization charges,(1S)=0.14 and
€pol(lV)=0.06. In addition to the smallness expected in general for light very-neutron-rich nuclei, a consider-
able amount of further reduction on tleg, values arises from the cancellation between the contributions of
low-energy threshold strength and those of giant resonances. It depends crucially on both the property of the
one-particle multipole operator and the shell structure around the Fermi level whether the very-low-lying
threshold strength contributes to the polarization charges of a given multipole constructively or destructively.
[S0556-28186)03811-3

PACS numbgs): 21.10.Pc, 21.10.Re, 21.60.Jz, 23.20.Js

It is pointed ouf 1-3] that an appreciable amount of tran- ing the RPA with the Green'’s function method in the coor-
sition strength will appear in the very-low-energy regiondinate space, which produces a proper strength function in
(just above the particle thresholdf neutron drip line nuclei. the continuum([5,6]. The core polarization is estimated by
The nuclei need not be halo nuclei, but the neutron particleusing the particle-vibration coupling modd,7]. We use the
hole (p-h) excitations should be available, in which small SkM* interaction[8] as a standard interaction in our numeri-
angular momenta of particle orbitals are possible combine@@l calculation. We always make sure of our conclusion,
with neutron hole orbitals with small binding energ[ds2]. checking whether or not it is obtained also by using the SlII
According to our knowledge gB-stable nuclei, the core po- ©OF the SG2 interaction. o .
larization charge is expected to be larger when a strong tran- The unperturbed strength function is defined by
sition strength is present in the lower-excitation-energy re-
gion of the cord4]. The expectation is based on the fact that So(E)=2 [(i|QM0)|?S(E-E;)
the static polarization charge is inversely proportional to the i
excitation energy of the corresponding collective modes. 1
Thus one may imagine that the core polarization charge == Im Tr(Q"Gy(E)Q), (1)
would be large in neutron drip line nuclei. A careful exami- ™
nation of the core excitations may, however, lead to a con- . . . . .
clusion that core polarization charges would be small gener‘f"h(:"“:“GO Is the non!nte_ractmg_p—h Green function, while the
ally in light very-neutron-rich nuclei. This is because the RPA strength function is obtained by
very small proton core, which cannot contribute anyway so
much to the polarization charge, is not efficiently polarized S(E)=2>, |(n|Q"0)28(E—E,)
by neutrons. In the present work we study the polarization n
charge taking an example &%0,,, of which the exotic be- 1
havior of the single-particle response function as well as the =— Im Tr(QMGgrpa(E)QM), 2)
random phase approximatiaiRPA) strength function has ™
been studied in Ref2].

In halo nuclei, it is expected that the core polarization
induced by halo particles, which have very small binding
energies(<1 MeV) and small orbital angular momentum
(/=0o0r 1), is weak. This is because those particles spend an
appreciable amount of time outside of the core nucleus and, foz' TiO:E rizYzM(fi)
thus, cannot efficiently polarize the core. Although this is an !
interesting problem in halo nuclei, in the present work we
study the feature of core polarization unique in neutron drip
line nuclei, which exists even in the absence of halo par-
ticles. A=2, r=1_ Ve

Our study of core polarization is based on the self- QW Z T Yaul)
consistent Hartree-FodikiF) and the RPA calculation using
Skyrme interactions. We estimate collective properties solv- for isovector quadrupole modes. 4

whereGrpa(E) is the RPA response function including the
effect of the coupling to the continuum. In Ed4) and (2),
Q" expresses one-body operators, which are written as

for isoscalar quadrupole modes, 3
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The RPA response functidBzpa behaves in the vicinity of a Vi Yry={—tto(1+2%0) — Zta(1+2x3) p(r)
resonance as P
. . SKEL —ta(1+2xy) +ta(142x) ]}, (13)
IM[Grpa(r,r';Ered ] dp(r) dp(r'), 5
wherer=3(r,+r,). Then the coupling matrix is evaluated
where dp is the transition density defined by to be
5p(r)=<n|2 8(r—r)|0). ®  ((ixw)ilVyi J—f r2drV(r)dp(nR;(NR(r)

We may use expressiofd) also for the threshold strength XYY, (14
which does not come from resonances in the usual sense,

when the shape of the transition density is practically thevheredp(r) is the radial transition density defined by
same in a certain energy region. We obtain the transition . .

density by integrating over one of the radial coordinates of Op(r)=3dp(r)Y, (1) (15

Ggpa 8S : . .
RPA and R(r) expresses the radial wave functions of single-

particle states. In Eq$12) and(13), the contributions from
5p(F)=af IM[Grpa(F.I";Ed 1QMNr")dr’, (7))  the momentum-dependent forces, theand t, terms, are

seen to be effectively included by renormalizing the value of
where the normalization factos is determined from the to- The renormalization factor in the case of the Skiviter-

transition strengtiB(\) of the resonance action is 0.94 for the IS interaction and 0.85 for the IV in-
' teraction. Thus the effect of the momentum-dependent forces
a?=B\)/[7S(Eed ]2 (8)  on the coupling interaction is rather small, especially for the

IS channel, which makes a dominant contribution to the core
For an isolated resonanc&(\) is the total integrated polarization charge.
strength for the operatd@" over the resonance. In Fig. 1(a@) we show the unperturbed strength function in
We use a perturbation theory to calculate the core polarEd. (1) and the RPA strength function in E) for the IS
ization due to the core excitations by particles. The perturbe@nd IV quadrupole operators. Two very sharp peaks at 27.66

single-particle wave function is expressed as and 32.33 MeV in the dotted line express the proton excita-
tions from the b4, and 1p,, orbital at—27.02 and—31.69
(( X @))i|Vpli) MeV to the 1Ifs;, one-particle resonant state -40.64 MeV.
|' —|'>+szA (8—+|(J Xa))i), ©) Except those two peaks, the unperturbed strength happens to

consist almost exclusively of the neutron strength. The pro-

whereV,, is the particle-vibration coupling interaction. The ton_bound p-h excitations for quadrupole operators lie at

reduced transition matrix element for the one- body operatof4-7—31.7 MeV, which do not appear in the dotted line.
Q" is modified as However, because of the coupling to the continuum, the

presence of those bound p-h excitations is clearly seen in the
RPA strength functions, which are denoted by the solid and

<J||Q |||> (illQ* |||>+E T dashed lines for the isoscalar and isovector modes, respec-
“x tively. A peak for RPA IS strength, which may be called IS
Ri+1{(jX w)i IVouli) . giant resonancéGR), is seen around 15 MeV, which is ap-
(0,]|QM|0) preciably lower than the systematic val{#] for g-stable
V2A+1 nuclei, E,=58/AY% MeV=19.1 MeV. This lower frequency

(10) of IS quadrupole GR is typical in nuclei near the neutron drip
line. Furthermore, we obtain a substantial strength below 10
The particle-vibration couplingv,, is derived from the MeV, which is the threshold strength coming from the exci-
Skyrme interaction approximating the momentum derivativetation of neutrons with binding energies less than 10 MeV.
operatorsk andk’ by the Fermi momenturk; so that one The large strength below 10 MeV appears also for the RPA
can use directly the RPA transition densities for the calculalV strength. However, the main contribution to the IV
tion of the matrix element. This approximation was madeenergy-weighted sum rule comes from the strength of peaks
only here in constructing the particle-vibration coupling. atE,>22 MeV. It is clear that the RPA strength in the very-
Then, the isoscalaflS) and the isovectoflV) coupling in-  low-energy region comes from the neutron unperturbed
teractions are expressed as strength in the same energy region. Thus we present the
analysis of the unperturbed quadrupole strength.
Vol F1= ) =V (1) 8(rf1—ry), (11 In Fig. 1(b) we resolve the unperturbed strength expressed
by the dotted line in Fig. (), except two sharp proton peaks
where at 27.66 and 32.33 MeV, into the contributions coming from
a given neutron orbital occupied in the ground state. The sum
Vg\fo(r)={%to+ S(a+2)(a+1)tzp(r) of all strengths in Fig. (b) at a given energy is equal to the
Lo unperturbed strength in Fig(d) at the same energy, except
+ ke[ 3ty +ta(5+4%,) ]}, (12 at 27.66 and 32.33 MeV. Since the binding energieg ©Of
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60.0 it i e e the strength with (tl5,) ! rises as E,—1.79)"2 corre-
| @ L sponding to /=0 neutrons. Just above 8.64 MeV the
< 50.0 @8 N=20) S strength with (Hs),) ! rises also asK,—8.64)"2, however,
2 1 QuADRUPOLE Lo Unporturbed | in this case the”=0 neutron strength is so weak as to be
N 40.07 5 i recognized in the scale of Fig(d). The main strength in
= 200 4 B connection with (Hlg,) ' appears as the’=4 neutron
g s L strength with a peak around 19.3 MeV, since the neutron
Z 20.0 L 1gq, State is about to become a one-particle resonant state in
T - 280. The sharp peak at 21.5 MeV comes from the excitation
©10.0 - of particles from the p5, orbital at —19.93 MeV to the
00 1 AR S i 1f,, one-particle resonant state &tL.59 MeV. This is the
0 A e e S .
0.0 100 200 300 400 500 only neutron unperturbed quadrupole excitation, in which a
ENERGY (MeV) well-defined one-particle resonant state is available.
The core polarization charges for quadrupole transitions
s R RN BN ST A AT AN R are defined as
© 60.0 -
= | ® @s8nN20) neutron hole L
Q’E 50.0 - SkM+* orbitals L _ _
=7 QUADRUPOLE ! — (10" I 1 ({j|QM=2 =i}
T : - 1 =\ 7T = ——=nn-
55 40.0 : - (25‘“)_' L €pol(lS) 2 | G1oM =27y 1], (16)
g —nm (idse) I
% 30.0 : —— (1pw)’ L
5 o | g 4444444 (1p3,2)1 | 1 <‘JT'||Q}\=2’ T=l|“r>
[a] : —— (152" _ =
8200 ] i %ollV) =2 <<j||Q“' =T[i) 1) 0
£ 100 1 -
& 1 ~Zo— I The proton and neutron core polarization charges are written
Z 0.0 T e e R T — 1S)— Y, d . IS
® 00 100 200 300 400 500 as  epol(P) =€palIS)—epo(lV) ~ and = ep(n)=ep(1S)

ENERGY (MeV) +€,0(1V). The calculated results are listed in Table 1. Com-
pared with empirical values g8-stablesd-shell nuclei[10],
FIG. 1. (8) Unperturbed strength function defined in Eth and  €poi(1S)=0.35 ande,,(IV)=0.1, the obtained values iffO
the RPA strength function in Eq2) for the isoscalar and the is- are about a factor of 2 smaller. |6-stable nuclei such as
ovector quadrupole mode @fO,, as a function of excitation en- 2804 or 43Cay, the RPA quadrupole strength is collected into
ergy. The unperturbed strength function is the same for the isoscal&R, which may have a good isospin, and almost no strength
and isovector operators. The bound proton p-h excitations at 24.7is found forE,<10 MeV. In contrast, ir"®0 the very small
31.7 MeV do not appear in the dotted line; however, the presence gfroton core Z/A=0.29) is not efficiently polarized by neu-
those p-h excitations can be recognized as peaks seen in the RRfons due to the considerable difference of the radial distri-
strength function.(b) Resolving the unperturbed strength @@,  bution of protons from that of neutrons. This weak polariza-
except two very sharp proton peaks at 27.66 and 32.33 MeV, intgjon is seen from the fact that the predominant part of the
the components with a given orbital of neutron holes. The sum Ofow-lying strength forE, <10 MeV comes from neutron ex-
all strength at a given energy in the figure is equal to the unpergitations and that even the “I1S” GR around 15 MeV does
turbed strength irfa) at the same energy. See the text for details. ot collect all higher-lying proton excitation strength. Thus
small values of,, are expected in general. However, a con-

1dgzp, 2sy, ldsp, ... neutron orbitals are 1.79, 5.99, siderable amount of further reduction ep, arises from an
8.64 ... MeV, the corresponding strength starts to appear afippreciable cancellation between the contributions by the
respective energies. Above the threshold the strength fdow-lying threshold strength and those by the higher-lying
neutrons rises as th4é+1+/%2 power of the available energy giant resonance. For example, the valueegf(1S)=0.153
[9], namely, as E,—eg)” . Indeed, just above 1.79 MeV for the neutron states|i)=|f)=|1ds,), is the sum of

TABLE I. Static IS and IV core polarization charges calculated for neutron and proton orbitaf®in
using SkM' force. Thee,(IS) ande,(IV) values are obtained by using E¢$6) and(17) with &;—&;=0.
The B(E2), value for the transition from the staf to [f) is shown for each configuration using the HF
wave functions. See the text for details.

Neutrons Protons
f i B(Ez)sp (62 fm4) epoI(IS) epol(lv) B(Ez)sp (e2 fm4) epol(ls) epol(lv)
1ds,  1dg, 15.31 0.153 0.064 12.64 0.163 0.066
2sy7 1d3p, 21.75 0.123 0.054 10.98 0.166 0.064
1ds,  1dgp 26.33 0.116 0.053 13.95 0.159 0.066
2s;,  1dgp, 13.23 0.147 0.060 8.92 0.172 0.065

1ds,  1dgp 4.697 0.140  0.061 3.48 0.162  0.066
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0.002 : , 1d5,,— Sy, in Which the wave function o$,,, with a small
(& 20 skM* positive one-particle energy has to be orthogonal to that of
i Quadrupole the occupiedhs,;, state withn=1 and 2. That means that
0.001 inside of the nucleus the radial dependence of the wave func-
i NN tion of sy, would be similar to that of 8;,,. Now, using Egs.
T ou o~ /& (10), (14), (16), and(17), in the short-range limit of effective
s N interactiongsettingV 7, (r) in Eq. (11) to ber independerit
Ex-dbleV the contribution from a p-h excitation to the IS and IV static
o0t b\~ /[ Exe1OMoY J guadrupole polarization charges is negative, if the sign of the
product
0002 5 5 15 f r2drRy(1)Ry(1R;(NR(1) (18)
r{rm
0.015 . " and
(b) *0 skM*
Quadrupole 4
0010 F ] f r*drRy(r)Rp(r) (19
I b —— Ex=12Mev
i 0005 L ,/,,/' Y ey ] is_ negative. Since the behavior of radial wave functions in-
;%;L ‘ //’,/ ‘\\ ~—— Ex=238MeV side of the nucleus plays a rol@aamely, halo particles are
7 N\ not considered at presgnharmonic oscillator wave func-
0.000 L& AN tions may be used for getting the sign. Takifig=|j)
=|1d), the sign of the above product, in whigparticle
=|3s) and|hole)=|1d), is negative. More generally, taking
0.005 s " 5 liYy=|j)=|hole), the sign of the product of expressio(ts)
H(fm) and (19) is negative whenparticlé=|n+1,") and |hole)

=|n,/’) or when|particlé=|n+2,/—2) and|hole)=|n,L/).

FIG. 2. Radial transition densities of the RPA isoscalar quadru-Thus, in the case off0, we see that the product has a
pole excitations of3%0,, at various excitation energieS, as a  negative sign also for another low-lying threshold strength,
function of radial coordinate(a) E,<10 MeV and (b) E,>10 1d3,2—>dj , where the wave function m‘j has to be orthogo-
MeV. The absolute magnitude is normalized by using@pwhere  nal to the occupied d; state. In contrast, the sign of the
B(A=2) value is obtained integratin§(E) over the energy inter-  product of expression§l8) and (19) is generally positive
val around the peaks. See the text for details. when the number of the radial node of the particle and the

hole orbitals is the same or when the particle and the hole
—0.055 forE,<9 MeV and +0.208 forE,>9 MeV. And  orbitals belong to the same major shell in the harmonic os-
ep0i(1V)=0.064 for neutron statefi)=|f)=[1ds,), receives cillator. We have confirmed that the statements on the sign of
—0.035 fromE,<15 MeV and+0.100 fromE,>15 MeV. the product described above are valid also for realistic finite-
The absolute magnitude is determined by using Ef).  well potentials.
where theB(A=2) value is calculated by integratirt§( E) Using the argument similar to the one described above,
over the peak. Below 20 MeV where the strength function iswe come to a conclusion that the destructive contribution
relatively smooth as a function of energy, the response is citom the very-low-energy threshold strength to the polariza-
by a 2-MeV energy interval and integrated to obtain®{a  tion charge would not occur in the dipole or the octupole
=2) value at the corresponding energy. The IS quadrupolease in?®0. This conclusion was confirmed also by perform-
transition densities at various energies are shown in Fig. 2. Ang numerical calculations for those excitation modes.
clear difference is seen between the transition densities be- We note that the neutron particle orbitals giving rise to
low 10 MeV and near the GR around 15 MeV. The formerconsiderable threshold strength in the very-low-energy re-
has two radial nodes and a large tail, while the latter shows gion must have low orbital angular momentuipossibly,
typical Tassie-type radial dependence as a collective surfade=0 or 1). Then, it is seen that in spherical closed-shell
mode. The unique shape of radial transition densities of thauclei near the neutron drip line the possible very-low-lying
low-energy threshold strength, which is quite different fromthreshold strength has always a destructive contribution to
that of collective modes such as the giant resonance, leads the quadrupole polarization charge.
the destructive contribution to the polarization charge. It is As seen from the above explanation using ELf), the
interesting that the presence of the low-energy transitiorlestructive contribution from the threshold strength to quad-
strength does not always lead to a large polarization chargeypole polarization charges is related to the very-short-range
which would be expected from the result gfstable nuclei. character of effective interactions. It remains interesting to
Instead, the presence may even lead to a cancellation of treee how the destructive contribution will be modified for
contribution to the polarization charge by the giant reso-nteractions with a reasonable finite range.
nance, depending on the shape of the transition density of the In the recent shell model analysis of measured quadrupole
threshold strength. moments in B and B [11], small core polarization

The presence of two nodes in the radial transition densieharges are suggested in agreement with the values obtained
ties for E,<10 MeV comes from the neutron excitations, in the present work. However, the binding energies of the
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least-bound neutrons as well as the distribution of the wholgs-stable nuclei. Besides the smallness expected in general
transition strength as a function of excitation energy varyfor light very neutron-rich nuclei, a considerable amount of
considerably, as the mass number changes along the neutrtuither reduction ore,, values arises from an appreciable
drip line. Thus caution should be taken before making a dicancellation between the contributions from low-energy

rect comparison of our values with the analysis of the data ifhreshold strength and those from giant resonances. In the
[11]. case of octupole or dipole polarization charges?® the

Making a careful examination of the RPA strength for Same kind of cancellation mechanism does not occur. From
E,<6 MeV in Fig. 1(a), we observe the fact that the RPA IS the result obtained in the present paper we might say that the
(IV) quadrupole strength is slightly weakestrongey than idea of using a fixed polarization charge for a given major
the unperturbed strength at the same energy, instead of beitﬁ%

stronger (weakej. This fact, which is unexpected from a - ; .
I|g?resent paper may not be trivially applicable for nuclei

simple schematlc_ model, comes from exactly the Same ONgIl pich have halo particles, although a similar cancellation
as the one described above for the destructive contribution t&echanism might occur in halo nuclei. The polarization

the quadrupole polarization charges from the Iow—lyingCharge in halo nuclei should be separately studied.
threshold strength.

In conclusion, using a particle-vibration coupling together ~ One of the authorél.H.) is grateful to Ben Mottelson for
with the HF wave functions and the RPA response functionglluminating discussions, while the othéd.S) to N. Fuku-
in 280,,, we have obtained the quadrupole polarizationnishi for providing the experimental data dfB and °B
charges, which are much smaller than those known foprior to publication.

ell in the shell model calculation may be questioned for
utron drip line nuclei. The conclusions drawn in the
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