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The eAect of a neutron skin on the collective states of medium and heavy-mass nuclei is discussed.

We consider two well-known collective modes which correspond to the motion of neutrons with respect

to protons, namely, the M 1 (scissors) and the isovector F. 1 (giant dipole) resonance. For nuclei with a

sufficient excess of neutrons the behavior of the "pygmy resonance" is also discussed.

PACS number(s): 21.60.Ev, 21.10.Re, 21.10.6v, 21.10.Ft

One of the ideas which is currently dominating discus-
sions of the future of nuclear physics concerns the pro-
vision of facilities to accelerate unstable nuclei. The aim
would be to allow access to vast new regions of the nuclear
chart and, in particular, to reach or approach the nucleon

drip lines, thus probing nuclear structure at the very limits
of nuclear stability. For neutron-rich nuclei, there is al-
ready an indication of the new phenomena which may
occur. Detailed studies of ''Li have revealed an anoma-
lously large matter radius and a very small two-neutron
binding energy [I]. These features can be understood in

terms of a "neutron halo" consisting of two neutrons in an
extended surface region around a core of Li. More gen-
erally, calculations [2,3] suggest the development of an in-

creasing "neutron-skin" thickness as the neutron excess
increases. The presence of such a mantle of dominantly
neutron matter will obviously affect the properties of col-
lective modes which involve the out-of-phase motion of
neutrons against protons. Moreover, it can give rise to
new modes generated by motion of the core against the
mantle. Indeed, evidence consistent with a "pygmy reso-
nance" of this type has already been found [ll in "Li.

The purpose of this paper is to contribute to this discus-
sion by exploring the effect of the neutron-skin thickness
on the M 1 and isovector E1 collective states of medium-
and heavy-mass nuclei. We use here a simple model
couched in terms of classical oscillations of the neutron
and proton densities. The neutron and proton densities
are assumed to have Fermi distributions and the effective
neutron-proton (np) interaction is assumed to be a zero-
range force, v(r„,r„)=Kb(r„—r„), where the strength K
of the interaction has dimension MeVfm . The M1 col-
lective mode under consideration here is commonly re-
ferred to as the "scissors" mode (see Ref. [4] and refer-
ences therein) and is described in our model as an angular
vibration of a deformed neutron density against a de-
formed proton density around a common axis of symme-
try. The energy of the state is obtained by evaluating the
restoring force and the moment of inertia. In the case of
the isovector giant dipole mode we use the Goldhaber-
Teller model [5] where the neutron and proton densities
perform an out-of-phase vibration around their common
center of mass. Its energy is determined from the restor-
ing force and the reduced mass of the np system. The ap-
propriate restoring force in each case is obtained by
evaluating the potential energy as a function of the angu-

d 1, dp;(r+ze. ;R;)= 1+z +—z
2 p; (r;R;),

up to second order in the displacement z, e, being the unit
vector in the z direction. To ensure that the shift of the
neutron and proton densities does not correspond to an
overall shift of the system, the constraint Nz„Zz~ must
be satisfied where z„and z„are the displacements of the
neutron and proton densities, respectively, N is the num-
ber of neutrons, and Z is the number of protons in the nu-
cleus. (This is the well-known Tassie condition [6].) The
change in np-interaction energy resulting from this shift
equals

4 Vopa(z;R„, R„)= Vopa(z;R„, R„)

where

—Vopa(z =0;R„,R&), (3)

Vopa(z;R„, R„)=K„p„(r+z„e,;R„)
xpp(r —zpe, ;Rr)dr. (4)

In (4) z=z„+z„ is the relative displacement of the
centers of the neutron and proton densities and dr repre-
sents the three-dimensional volume element.

One can evaluate the integrals (4) for densities of the
type of (1) neglecting terms of the order exp( —R;/a) and
its powers. This approximation is good for medium- and

lar or linear displacement, by folding the neutron and pro-
ton density distributions with the np interaction. A basic
premise of our work is therefore that it is the np interac-
tion which dominates the dynamics of these oscillations.

We first discuss the isovector giant dipole resonance
(GDR). The neutron and proton densities are assumed to
have spherical symmetry and are para'metrized as

p;(r;R;) p a[1+exp[(r —R;)/a;]]

where i n, p, and R„and Rz are the radii of the distribu-
tions with a„and a„representing the corresponding
diffuseness. We shall assume equal diffuseness parame-
ters, a„az a, and adopt a constant mass-independent
value. We now shift the centers of the neutron and proton
density distributions along the positive and negative z
direction. The shifted densities can be expanded in a Tay-
lor series as
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heavy-mass nuclei where the ratio R;/a is significantly
greater than 1. The change in potential energy can be
evaluated analytically up to second order in z and is given
by

AVooa(z;R„, RI, )= —
—, rrKp„ppzpF(R„, R~)z, (5)

where

1.0

~GDR(R y)

p5 GD1~(R y=Q)

F(R„,R„)= —a„a„
(a„+a, )(c„—c, )

a'(a„—ap) '

Cn+ Cp

a(a„—ap) '

0.5

F(R,R) = lim F(R+e,R) =
0 18a

with a; =exp( —R;/a), C; =(R; +x a R;)/3, and C
=R; +x a /3. Classically, the change in the potential
energy is AV=pra z /2, where p is the reduced mass of
the neutron and proton systems (p =NZm„/A) and ra is
the frequency of oscillation of the dipole mode. The ex-
pression (5) thus gives a simple estimate of the excitation
energy bra of the GDR. The strength K can be estimated
from the volume integral of the M3Y potential [7], multi-
plied by 1.5 to account for the isospin-dependent part of
the interaction [8], giving K= —555 MeVfm . Using
this value of K, together with the experimental rms radius,
reproduction of the empirical energy of the GDR in, for
example, Zr requires a diffuseness of a =0.38 fm. The
energy is dependent only on the total mass number A (and
not on N and Z separately) mainly as A '/ . The empiri-
cal mass dependence has been found [9] to lie between
A ' and A ' . There is, however, evidence that the
effective np interaction varies with mass number [10].

For nuclei with a neutron skin we may define the aver-

age radius R =(R„+R„)/2 and the difference

y =R„—Rz, and expand the potential energy in powers of
y. We obtain from (5)

AVopa(z;R, y) y

AVooa(z;R, y =0) 10a

EGDR(R y) y 3y

Eooa(R,y =0) 20a SR

The second equation expresses the dependence on skin
thickness of the energy of the GDR in a series of isobaric
nuclei. (We consider isobaric nuclei in order to isolate the
skin-thickness effect from the overall mass dependence. )
The exact dependence of the energy is shown in Fig. 1(a).
We find that the energy of the GDR is only slightly
affected by the neutron skin; when y becomes equal to a,
the energy is lowered by about 5%. This insensitivity of
the GDR to the neutron skin is understandable because
this collective mode corresponds to the bulk motion of all
neutrons against all the protons of the nucleus and hence a
small neutron excess is unlikely to affect it. We have as-
sumed, in addition, that the np interaction is a zero-range
force. If a more realistic finite-range force were to be
used, one would expect the GDR energy to become even

less sensitive to the neutron skin.
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FIG. I. The quantities (a) EGDR(R,y)/Eoon(R, y 0), (b)
[(Z+N, . )//Zl ' 'Epn(R, y)/Eoon(R, y), and (c) AVsR(R, y)/
6VsR (R,y -0) as a function of the ratio y/a of skin thickness
over diffuseness. The curves are obtained on the basis of the ex-
pressions (5), (9), and (12). The results in (a) and (c) are only
weakly dependent on the ratio R/a of average radius over
diffuseness and here R/a 8 is shown; for (b) the three cases
R/a =6, 8, 10 are shown.

—[I +exp [(r —Rz )/a ) I
' ) . (8)

The surface radius necessarily coincides with the neutron
radius R„and we have made the additional assumption
that the core radius is Rz. As with the GDR we consider
the potential energy as we shift the two densities in oppo-
site directions. The resulting change in potential energy is
given by

&Vpn(z &Rpt&Rp), irKp„pp„p= —2

x [F(R„,R„) F(R&,R„)]z—
The classical frequency of this oscillation is again deter-
mined from A V =pro z /2 but with p the reduced mass of
the core and surface nucleons.

The effect of the neutron skin is likely to be far greater
in the case of pygmy resonances (PR) in medium- and
heavy-mass nuclei. So far, possible evidence for such a
resonance only exists in light neutron-rich nuclei. In this
model we assume a core comprised of the protons of the
nucleus and the bulk of the neutrons and a surface which
consists of the remaining weakly-bound neutrons. We
thus define the "surface density" by

p, (r;R„,R„)=p„p ( [1 +exp [(r —R„)/a l ]



EFFECT OF THE NEUTRON SKIN ON COLLECTIVE STATES. . . R15

One can evaluate the energy of the PR, Epa, relative to that of the GDR, Eona, thereby eliminating the strength K of
the np interaction. Again, we may express this ratio in terms of an average radius R and a difference y and expand in

powers of y:

EPR(R,y) Z 3R'(R'+ ~'a')
Eooa(R,y) Z+N, [3R +(x —6)a ](3R +x a )

Ry
20a

(10)

The factor [Z/(Z+N, )]'~ (where N, is the number of
neutrons in the core) arises because we expect both the
neutrons and the protons in the core to contribute to the
reduced mass while only the protons are assumed to have
an impact on the restoring force. Equation (10) predicts a
ratio of —[Z/3(Z+N„)] '~ for small values of skin thick-
ness over diffuseness, y/a «1, and a substantial decrease
in this ratio as the skin thickness increases. This is
confirmed by a calculation [see Fig. 1(b)] on the basis of
the exact expressions (5) and (9). The figure shows the
quantity [(Z+N„)/Z] Epa/Eooa as a function of y/a
for three values of R/a. As the skin thickness increases,
the overlap of the core and the surface density tends to be-
come a maximum not where their centers coincide but at a
finite separation of the centers and an approach assuming

I

I

the nucleus to be spherical will no longer be valid. Hence,
as one approaches the value of y/a where the restoring
force becomes small, the limitations of our model have to
be borne in mind.

One can show that the density-vibration models we use
to describe the GDR and PR satisfy classical sum rules.
Also the ratio of the PR to GDR sum rule can be derived
and is given by (N —N, )Z/(Z+N, )N, a result similar to
that obtained by Suzuki, Ikeda, and Sato fl 1].

We can now treat the angular oscillations of the scissors
resonance (SR) with the same approach. In this case we
assume axially symmetric densities (i.e., R; in (1) is re-
placed by R;[I+P;Y2p(8)]) which, for small deforma-
tions P;, can be approximated as

d2
6,8;R;,/I;) = I+R;~;Y20(8) + 2 R; tI; 1

l ~l

AV s(8a, ;R, )yy2 y2

AVsa(8, ;R,y =0) 10a 4R
(13)

The corresponding expression for the SR energy is more
complicated due to the presence of the reduced moments
of inertia. The behavior of expression (13) is illustrated in

Fig. 1(c) which shows that AVsa is only mildly affected
by the neutron skin —a feature which remains true for
E.R(R,y).

Finally, we may deduce from (5) and (12) an expres-
sion for the SR energy relative to that of the GDR. As-

The change in the potential as a function of 8„ the angle
between the axes of symmetry of neutron and proton dis-
tributions, is

5Vsa(8, , ;R„,Rp) = —2Kp„pppoR„Rp/j„/jpF(R„, Rp)8, ,

(12)
up to second order in the deformation parameters P„and
P„. This result is closely related to the corresponding ex-
pression (5) for the GDR. Again, comparison with the
classical expression, AV=Sr0 8, /2, where 2 is the "re-
duced moment of inertia" [S S„S„/(l„+S„)]and co is
the frequency of oscillation, leads to an estimate of the ex-
citation energy hco of the SR. A prediction of the depen-
dence of the SR energy on mass number and deformation
can only be obtained assuming some model approximation
for the moments of inertia S;. For instance, assuming
rigid-body moments of inertia, the

dependence
is found 'to

be mainly ~P((1+Ps'5/16m) '~ A ' . As is the case for
the GDR, the variation with mass number of the effective

np interaction will modify this A dependence.
The effect of the neutron skin can be estimated in the

same way as for the GDR and leads to

I

suming equal radii and deformations for neutrons and
protons and neglecting in the calculation of the rigid-body
moments of inertia corrections due to diffuseness and de-
formation, we obtain Eau/EGoa=P415/2x. Thus, for
deformations P-0.3, we predict a scissors state at half
the energy of the GDR. This is rather higher than the ob-
served energies of 3-4 MeV in deformed rare-earth and
actinide nuclei [4]. This, however, is to be expected and
follows from our initial assumption that all nucleons parti-
cipate in the angular oscillation. More elaborate models
of the SR can be constructed by assuming that only part
of the nucleons (e.g., the valence nucleons) participate.
They would involve a separation into a "core" and a "sur-
face" density, similar to the example of the PR, and possi-

bly could lead to more realistic predictions.
In summary, we have studied the effect of the neutron

skin on those modes of nuclei which are mainly dependent
upon the np interaction assuming these to be described as
density vibrations. One would thus expect the model to
predict the average properties of these resonances.
Whereas small effects of the neutron skin are expected for
the giant dipole and scissors resonances, our model pre-
dicts the possibility of observing low-lying pygmy reso-
nances in nuclei with a reasonable neutron skin. In addi-
tion, it predicts these states to be excited with a B(E1)
strength which is a fraction (N —N, )ZEooa/(Z+N, )
&NEpa of the B(E1)ooz strength. Recent investigations
of the scissors (Ml) states in rare-earth nuclei have
identified [12] some E 1 strength in the energy region of
3-5 MeV. Could this strength be associated with pygmy
resonances?
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