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ABSTRACT

Certain neutron excess heavy nuclei have a thick neutron skin on the nuclear
surface. In this paper detailed collective densities excitations in heavy nuclei with a large
" neutron excess and a thick neutron skin will be considered within the framework of the
"hydrodynamic" model. It will be shown that low energy isoscalar excitations are possible.
The knowledge obtained will give information on the neutron thickness, the compressibility
and the surface tension of neutron excess at low density.
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1. Introduction

Recently the properties of neutron excess light nuclei have been studied extensively
both theoretically and experimentally. The studies reveal the insight into the properties of
the collective states in the consequence of excitations of a thick neutron skin on the nuclear
surface such as low energy giant dipole resonance*™®. However, the results obtained
cannot be extended to the case of neutron excess heavy nuclei as there exists the difference
in the density of nuclear matter and the density of nucleons in the volume of the light nuclei
and the heavy nuclei.

The main objective of the this paper is to try to give a possible description of the
collective density excitations in large neutron excess heavy nuclei in a theoretical aspect.
This type of survey, therefore, is quite sensitive to the model employed as will be shown tn
the following calculation.

2. Equations of motion and the spectrum of isoscalar excitations

The model used is the hydrodynamic model with the first sound approximation
which employs a two step radial density distribution as in Fig. 1. The main character of this
model is that nucleons in the stable core nucleus and neutrons in the thick skin are both
considered as nuclear matter with certain density. Thus the hydrodynamic wave equation
will be used to describe the time and space evolution of these density excitations.
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Fig.1

This is justified due to the fact that nucleons in a nucleus acts strongly with a
neutron halo as well as neutrons in the halo themselves. This gives rise to an abrupt change
in the density both at the core radius, R., and at the radius of the neutron halo, Ry,

The equations of motion employed for both the neutron density excitations in the
halo and the density excitations inside the core under this first sound approximation of the
hydrodynamic model can be obtained easily obtained from the hydrodynamic wave
equations:

2

0 K
Eph(r,t) - ﬁAph(r,t) =0 (1)
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o . K
gpc(r,t)——g—;l-Apc(r,t) = 0 2

where p, and p, are the density excitations in the neutron halo and inside the
corerespectively. K, and K, are the compressibilities of nuclear matter in the halo and
inisde the core. M is the necleon mass. Obviously, the solutions of equations (1) and (2)
must satisfy the boundary conditions at the surface of the core and the halo and at the
outer surface of the neutron halo as follows:

The second term on the left hand side of both equations involve the pressure in
the radial direction associated with the variation of neutron density.

K

i.e Py(r,t) = ;ﬁ-ph(r,t) 3)
and

Po(r,t) = ;;pc(r,t) 4)

where P, and P, denote the radial pressure in the halo and in the core respectively. It is
easy to see that

Prdlr, = Palrd[s +P(R.) | 5)

where PS(Rc , t) comes from the surface tension forces due to the change in the shape of
the core surface.

The other two boundary conditions at the core surface are

Ve(r.) g, = Vee(Root) (6)

Velt0|r, = Va(n)]g, ©

where Vv (r,t) is the radial velocity of the nucleons in the core, V, (R,,t) is the
velocity of the core surface and V, (r,t) is the radial velocity of the neutrons in the halo.

At the outer surface of the neutron halo, the boundary conditions are

Vi(r,t) R, = Vsh(Rh’t) (®)

Py(rt)|g, = Pan(Ry.1) ®)

The solutions of (1) and (2) are easily found  to be of the form

pu(rt) = Ph[“hJL(knLhr)’“ﬁhYL(knth)] Yy (6,6) (1) (10)
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and
pc(r’t) = 0"cpc[jL(an.,cr)lYLM(e’q))’I(t) (amn

og.0tp and By, are the amplitudes ; jL(knLh,cr) the spherical Bessel function of the first
kind, yL(knLhr) the spherical Bessel function of the second kind; Y,,(6.¢) the
spherical harmonics and T(t) the harmonics time dependence. As k., . are wave
vectors of the n® excitation of multipolarity L, thus the frequency, o , is

(Kc,h \1/2 4
Dy, = L 9MJ kan,h (12)

The spectrum of isoscalar collective excitations of multipolarity L can then be
determined from

Eyn = hog (13)
3. Calculation of o ;

To find o from (13) one must know k; ., which in turn involves the
knowledge of V,,Vy,V,,Vy,R,,andR,. As we are now employing the hydrodynamic

model ,the equation of continuity for nucleon and neutron flow in the core and in the
halo applies here and yields,

acV’jL(knLcr) Yium (9,¢)] (1)
KnLe

V,(r,1) (14)

V{’“hjL(knth)+ﬁhYL(knLhr)} Yim (9,4))};1’(0
Vy(r,t) = (15)
" Kln

The second principle employed is that the multipole density oscillations in the
volume of the nucleus give rise to muitipole oscillations on the surface of the core and
the neutron shell. Therefore the radius R, ,R, depend on time and oscillate as

Ry (1) = Ry [1+0g Y15 (0,6)T(1)] (16)
and

R, (1) = R [1+0, Yy (6,0)T(1)] A7)
We then have

and
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Ve(Rot) = Ro(0) = ReayYiy(6.4)T(0) (19)

The third principle is that the surface tension comes from the gradient terms in
the density functional. Therefore, this tension forces act on the surface of the halo and
on the surface of the core as well. Assuming that the nucleus is an incompressible fluid,
the two forces then have the same form.

o (L=1)(L+2) oy Yy 5, (6,0) T(1)
Ry

Py (Ry, 1) (20)

and

P

sC

) o, (L - 1)(L+2) ot Yy 4 (8,6) T(1)
R

C

(Re.t

(R4

21)

where oy, is the surface tension of the outer surface of the neutron halo and o, is the
surface tension of the core surface.

Substituting (10) - (12) and (14) - (21) into (5) - (9), the following five
equations are obtained;

O"chl(kanRc)
1(anRc

= o

w (22)

C

K o
—<pagip(keLRe) = R—(L-l)(L+2)cSC

M ¢
. (23)
+$Ph[ahjL(khnLRc)+BhyL(khnLR°)]
[ahle(khnLRc)+BhyLl(khnLRC)l - o, (24)
kpa R
K
;ﬁhph [ahjL(khnLRh)+ﬁhyL(khﬂLRh)] = ;—h(L_l)(L+2)aSh @)
« h
lonin (knat Re ) + By (Kpm R ) . (26)
S|

kKpa Ry,

These five equations may then be solved for the five unknowns
&, 0, Bhs %,y @ nonzero oscillation frequency o, occurs only when the
determinant of these equation vanishes. These unknowns enable us to find the
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frequency of the density excitations of multipolarity Lin a heavy nucleus with thick
neutron skin which in turn yields the excitation energy E,; .

4.Results

To test the validity of the model proposed, we calculated the excitation energies
for tin, Sn  whose proton number corresponds to a magic nucleus. The number of
neutrons in the halo is N, = 40 and the number of nucleons in the core is A; = 120.The
results optained are shown below:

Table 1 shows the excitation energy as calculated from the above procedure. y
is the ratio between the core energies E ;. and the halo energies E_;,. These y,
determine the nature of the states. The energy of monopole resonance is about 18 MeV
whereas the dipole isoscalar resonance is about 25 MeV. The results shows taht there
are many new levels which do not occur when a thick neutron skin is not considerd and
that these states have much lower energies than these of giant resonance in nuclei taht
do not have a halo.

It is impossible to study resonance at multipolarity > 2 in the first sound
approximation. Therefore, this work should be extended to cover those collective states.
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Table 1
n L EnL %Xn
1 0 8.1 0.112x 10™
2 0 18.4 4.16
3 0 21.0 0.321
4 0 30.4 0.752 x 10™
5 0 34.6 14.3
6 0 43.1 0311 x 107
7 0 512 10.7
8 0 54.6 0.821x 107!
9 0 67.2 0.205
10 0 68.7 7.62
1 1 6.1 0.291 x 10™
2 1 19.2 0.401 x 10™
3 1 26.1 18.4
4 1 31.5 0.436 x 10!
5 1 432 222
6 1 44.1 0.648
7 1 51.1 091x 10"
8 1 59.4 17.6
9 1 65.8 0.421x 10™
10 1 77.2 3.46

Experimental diffuseness of proton density®

Core compressibility

Halo compressibility

3

3

048 F

220 MeV

50 MeV
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