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Neutron-proton ratio of collective excitations
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Using a harmonic oscillator model, it is shown that the isovector giant quadrupole resonance carries little
isoscalar quadrupole strength while the isoscalar giant quadrupole resonance contains an isovector strength
with B(1V)/B(1S)~((N-Z)/A)?, when a consistency condition is fulfilled. Taking into account the consis-
tency between the one-particle excitation spectra and the vibrational fields is of vital importance in the proper
estimate of the ratio of the contribution by neutrons to that by protons to collective excitations of nuclei with
N#Z. The ratio may not be properly estimated in the models such as traditional shell models, in which the
Coulomb potentialor interaction is simulated by using the parametesg<w, for nuclei with a neutron
excess[S0556-28189)50609-2

PACS numbgs): 21.60.Jz, 21.10.Re, 23.20.Js, 24.30.Cz

Because of the recent development of radioactive nucleawhile the isovector GQR, of which the strength is split into a
ion beams, the experimental study of the structure of nuclefiew peaks in the region of 26E,<35 MeV, contains little
far away from g8 stability lines has become possible. Ex- of the isoscalar strength. In particular, it is shown that in the
amples of interesting exotic structure of those nuclei are thenergy region of 28E,<35 MeV in Fig. 1 the isoscalar
presence of nucleons with very small binding energies and RPA strength becomes extremely small at every peak energy
large difference between the separation energy of neutrorf the isovector RPA strength. The absence of the isoscalar
and that of protons. In the present Rapid Communication wétrength at the energy of the isovector GQR is also demon-
discuss the neutron-proton ratio in the collective shape oscilstrated cleanly in the self-consistent but discrete calculation
lations of nuclei with neutron excess. Though our presen®f the continuum spectra, namely, by expanding the con-
discussion is also applicable 6 stable nuclei, such as, tinuum wave functions in terms of harmonic oscillator bases

298Py, in which the neutron excess is already appreciableﬂz]'I g 0 he role of self ,
the ratio (N-Z)/A can be much larger in nuclei on the . M order toillustrate the role of self-consistency, we use a

neutron-rich side of the3 stability line where the conse- simple harmonic oscillator model fddZ nuclei, which is
. . - worked out in Ref[3]. In general, the harmonic oscillator
guence of the present discussion can be more serious. In C
: , o . frequency is different for neutrons and protons and, thus, the
=Z nuclei the isoscalar®{=0) excitation modes do not mix

with the isovector £=1) modes to the extent that the potential is described as
ground state oN=Z nuclei has isospim=T,=0. Then, it
is trivial that in those nuclei the isoscalar excitation modes
do not carry isovector strength, and vice versa.

In the self-consistent random-phase approximation, in

V(N =3Meir?3(1- )+ iMwir?3(1+ 7). (1)

which the Hartree-FockHF) and random-phase approxima- e
tion (RPA) calculation are performed using the same effec- 1 Quadrupole {7 lusoalar RPA L
tive interaction, it is pointed oUtl,2] that the isoscalar giant =3 50 ] fg" i~ tsovector FPA i
resonance contains the isovecter=(1) strength of the ap- 20l £ e Unpertin ph exciations |
proximate ratio((N-Z)/A)?, while the isovector giant reso- I L
nance carries little of the isoscalar=0) strength. In Fig. 1 T 30 B
we show the resultl] of a self-consistent calculation of the § ] i
quadrupole strength of the nucleﬁbzo, in which the RPA W 20 r
response function is calculated in the coordinate space so as 510 A '.?..\ -
to take properly into account the continuum effect. The light 1 .,',' ‘\\ -
doubly magic nucleus with a large neutron excess is chosen 0 L B e
in illustration, in which the peak height of the isoscalar giant 0 10 20 30 40 50
resonance is not too high to be compared with that of the ENERGY (MeV)

isovector giant resonance. Whether or not the nucffs, FIG. 1. Isoscalar and isovector RPA quadrupole strength func-

lies in reality inside the neutron drip line does not matter forign of “a theoretical nucleus”280,, as a function of excitation
the present purpose. The quadrupole strengthHpe14  energy. The Sgll interaction is used in both the HF and RPA cal-
MeV seen in Fig. 1 is the so-called threshold strength, whiclulation. The strength of unperturbed neutron p-h excitations is de-
is not of collective character and comes from the excitationsioted by dotted curves for reference. All unperturbed proton p-h
of excess neutrons with small binding energies. It is showrexcitations lie in the region of 26E,<32.5MeV, which are the
that the isoscalar giant quadrupole resondi@®@R) peaking  excitations either to the bound one-particle levels or to the one-
atE,=17.85 MeV carries an appreciable isovector strengthparticle resonant levels.
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The quadrupole field interaction consists of the isoscalar and 03+l 1
. 4 GQR in harmonic oscillator model (Z=20 and N=40}) }>
isovector part as 1 % =20 r
~ B(ISVB(IV) for IVGQR F
B — === B{VYB(IS) for ISGQR +
XOZ F(ZC:L)F(Z%)T-FX;LE ngFgL)T, 2 02+ e (nzyar -
® o 1 I
where ] L
N o o i
) . \ L
o 3 - -
FZM: T YZ;L : .7 :
. ) o P —
In Eq. (6—7& of Ref.[3] the self—.conS|stent isoscalar quad- 10 05 0.0 05 10
rupole coupling constant is obtained as Parameter a
A ng FIG. 2. The strength rati&(I1S)/B(1V) carried by the IVGQR
Xos& — 5 AR’ (4 andB(I1V)/B(IS) contained in the ISGQR for th&=20 andN

=40 system as a function of the paramededefined by Eq.(7).

where we will use(r2> —0.87A%23fm2. On the other hand. in The solid and dashed curves are calculatecfafXy .= —2.0. The

_ : dotted line shows the value ¢{N-Z)/A)?>=0.111 in the present
Ref.[3] [see Eq(6-127], the expression example. See the text for details.

wV
xi‘Merj> (5 N(r?, and z(r?,, divided by %, and Z%iw,, respec-
tively, assuming(r2),=(r?),. The relation(r2),~(r?),, is

is obtained for the isovector the coupling constant, and th&alid for g-stable _nuclei, While itis obtained.als_o for the core
strengthV/, is taken from the isovector part of the phenom- Part of neutron-rich nuclei towards the drip line. The har-
enological Woods-Saxon potential. Equatié is obtained ~MONIc oscnlator_ potential does not have two md_ependent
from the consideration that the isovector density variationd@r@meters, which express the depth and the radius. In the
give rise to corresponding variations in the isovector potenPr€sent model the oscillator frequencieg and w,, are re-

tial, which can be estimated from the isovector component irdarded as those expressing the depth of the nuclear potential
the static nuclear potential or the frequency of one-particle excitation spectra, while the

radius of the density distribution is supposed to be influenced

5p1 by some other origin such as the Coulomb interaction. Two
N=3Vit,—. (6) RPA solutions are obtained, of which the higher frequency
Po solution we call as the IVGQR mode and the lower one as
See p. 378 of Ref3]. the ISGQR mode. Since the isoscaleovectoy field inter-

If we take w,=w,=w, for N#Z nuclei, the unperturbed action is attractive(repulsive, the ISGQR mode is the col-
one-particle quadrupole response function contains only oniective isoscalar mode, while the IVGQR mode is the collec-
excitation frequency, 2w,. Then, the collective isoscalar Ve Isovector mode. In the present work we are interested in
RPA solution forX; =0 carries the isovector strength with the isoscalar strength carried by the IVGQR mode and the
B(1V)/B(1S)=((N-Z)/A)?, while the collective isovector isovector strength by the ISGQR mode. In Fig. 2 we show a

RPA solution forX,=0 contains the isoscalar strength with Numerical example for the parametefs-20, N=40, and
B(1S)/B(1V)=((N-Z)/A)2. By B(IS) and B(IV) we ex- X1/ Xps=—2.0. Thze do'gted line in Fig. 2 expresses the
press the calculated reduced isoscalar and isovector quadi{@!U€ of ((N-Z)/A)”. It is shown that ata=—0.50 the
pole transition probability, respectively. Though those RPAB(IS)/B(IV) value for the IVGQR mode vanishes while the

solutions have the simple intuitive structure, they are no?’“V)/BUZS) value for the ISGQR mode becomes equal to
self-consistent solutions. ((N-Z)/A)*. It is also interesting to observe that at

Writing =+0.25 theB(IS)/B(IV) value for the IVGQR mode be-
comes equal t¢(N-Z)/A)? while theB(1V)/B(IS) value for
N—Z the ISGQR mode vanishes.
wp=wo| 1+a A Now, in order to obtain an estimate ®f, in Eq. (6) we
N_7Z\ [ (7) replace the isoscalar part of the harmonic oscillator potential
wp=wo| 1—a— ) for a=0:Mw2r?, by
we solve the RPA equation for a given valueXf/Xo s as M oir?=(Ne+2)hog=3Maojr’— (3A) hog
a function of the parametex. The unperturbed quadrupole
response consists of two excitations with frequencigs @ for Ng>1, )

and 2w, which carry the quadrupole strength proportional
to N/w, andZ/w,, respectively. The latter is obtained from so that the potential is attractive inside the nucleus. We de-
the energy-weighted sum rules, which are proportional tdine the average depth of the potential by
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ey wé{r“)—(%A)l’:‘ﬁwo(rz) depth of the nuclear potential _in HF cfalculations is_deeper for
Vo= - 0. 9 protons than for neutrons. It is consistent also with the fact
(ro) that the average energy of the unperturbed particle-pele
Then, using the expressidi) the variation of the isovector duadrupoléthe so-called\N=2) excitations in HF calcula-
field is written as tions is lower for neutrons than for protons even in e
>Z nuclei along thes stability line. In contrast, in the tra-
op1 ditional shell model calculation in which harmonic oscillator
SV=Vgy2ar,—. (10

wave functions are used, the Coulomb interaction Cou-
. _ . . lomb potential is often not included. The presence of the
Comparing expressio(L0) with Eq. (6), we obtain the cor-  Coulomb potential is simulated by adjusting the parameters
respondence o, and w,,, since the Coulomb potential has ah depen-
. dence inside nuclei assuming a constant charge distribution.
Vi in Eq (6)=8aVs. (1) Then, in the presence of neutron excess the values used tra-

Then, from Egs.(4), (5), and (11) the ratio of the self- ditionally arew,<w,, which corresponds ta>0. For ex-

consistent isovector quadrupole coupling constantdg.is ~ @mple,a=+1/3 is used in order to get approximately equal
written as neutron and proton rms radii i@ stable nuclei with neutron

excesd4]. Then, it is unlikely that in such shell model cal-
culations the ratio of the contribution by protons to that by
=5.0a (12 neutrons in collective excitations can be properly estimated.
In conclusion, using a harmonic oscillator model, we have
. shown that the isovector GQR carries little of the isoscalar
where we have use(t)?/(r?)=0.75 obtained foNg>1. quadrupole strength while the isoscalar GQR contains an is-
From expressiori12) we obtaina=—0.4 for X; «/Xosc  gyector strength withB(IV)/B(1S)~((N-Z)/A), if the
=—2.0. The value o=—0.4 is compared with the value qnqjstency condition is fulfiled between the parameters of
of a=—0.5 in Fig. 2, for which theB(1S)/B(1V) value for  yhe gne-particle excitation spectra and the vibrational field.
the IVGQR mode vanishes while tii1V)/B(1S) value for  \yhat is shown is exactly what is exhibited in realistic self-
the IVGQR mode becomes equal (N-2)/A). Consider-  .,nsistent RPA calculations, of which the Hamiltonian con-
ing that relation(12) is estimated foNg>1, the similar val-  (5ins also the Coulomb interaction. The ratio of the contribu-
ues of the above twa go very well with the observation that (o by neutrons to that by protons to collective excitations
in the realistic self-consistent RPA calculation the isoscalags clei with N+ Z can hardly be properly estimated in the
GR carries the isovector strength witB(1V)/B(IS)  mgdel, in which the consistency condition is not taken into
~((N-2)/A)?, while the isovector GR contains little of the account. In particular, the shell model with parametefs

Po

Xise_ o (4 (3A) Mg (r2)?
IMwd(r2) (r*)

isoscalar strength. _ _ . <w, for nuclei withN>Z may be in trouble.
In the present harmonic oscillator model the negative
value of X; /X sc COrresponds taw,>w, for the N>Z The author expresses her thanks to Professor H. Sagawa

case. This is consistent with the fact that forZ nuclei the  for useful comments.
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