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The neutron-skin property of Cs isotopes is studied by the deformed relativistic mean-field
and spherical nonrelativistic Hartree-Fock theories. We predict a sizable neutron-skin ratio for the
isotopes not only near the neutron-drip line, but also far inside, where experimental studies could
be done with the present-day experimental facilities. We also show that the surface diffuseness of
the neutron distribution increases with the neutron number.
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In the past several years the radioactive beams in var-
ious laboratories in the world have provided much in-
triguing experimental information on the structure and
reactions of nuclei near the proton and neutron drip lines
[1,2], and the results are attracting much theoretical at-
tention. The existence of neutron halos in some of the
nuclei on the neutron drip line is by now well established.
Extensive experimental as well as theoretical studies are
now going on to clarify the effects of the neutron halo
on the fusion cross section in heavy-ion collisions when
one of the halo nuclei is used as the projectile [3-9]. The
existence of the proton halo is more subtle. For exam-
ple, there are different interpretations [10,11] of the large
quadrupole moment of 8B, which is claimed to have a
proton halo [12]. The discovery of new isotopes near the
proton drip line by the MSU group [13] opens a new path
of nucleosynthesis by rapid proton (rp) capture [14]. Sim-
ilarly, the discovery of new neutron-rich nuclei near the
neutron drip line is important to understand the rapid
neutron (rn) capture process in accreting stellar systems
[15].

In this paper, we discuss the change of nuclear struc-
ture along the isotope chain of Cs. We choose Cs iso-
topes, because unstable isotope beams of alkali elements
are relatively easy to be produced by an experimental
facility of the ISOLDE type. We discuss the rms radii of
the proton and the neutron distributions, nuclear shape,
the two-neutron separation energy, and the density pro-
file. We discuss in some detail the skin properties of
unstable isotopes, and the change of surface diffuseness
along the isotope chain. These properties are of interest
not only in themselves, but also in connection with reac-
tions induced by unstable nuclei, because the fusion and
the multinucleon transfer reactions induced by unstable
nuclei, for example, will be strongly influenced by their
surface properties [5].

We study the structure of Cs isotopes based on the de-
formed nonlinear relativistic mean-field (RMF) model.
We also compare the results with those of spherical
nonrelativistic Skyrme-Hartree-Fock (SHF) calculations.
The relativistic mean-field model has the advantage that,
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with the proper relativistic kinematics and with the
mesons and their properties already known or fixed from
the properties of a small number of nuclei [16], the
method gives excellent results for the binding energies,
root mean square (rms) radii, quadrupole and hexade-
cupole deformations, and other nuclear properties, not
only of spherical nuclei, but also of deformed nuclei
[16-22]. The same parameter set also well describes the
properties of nuclear matter. One of the major attractive
features of the RMF approach is that the spin-orbit in-
teraction and the associated nuclear shell structure auto-
matically arise from meson-nucleon interaction [20-22].
The inclusion of p mesons takes care of the neutron-
proton asymmetry. We can thus expect that the RMF
calculations provide useful information about the struc-
ture of nuclei far from the stability line, including those
near the neutron and the proton drip lines.

On the other hand, the Skyrme-Hartree-Fock [23,24]
calculation is a well advanced and successful approach to
a variety of nuclear phenomena, including deformation,
superheavy nuclei, vibrations, and heavy-ion collisions
[25]. It also well describes nuclear matter properties and
giant resonances, isobaric analogue states, and low-lying
particle-hole excitations. A detailed description of the
SHF calculations can be found in [24,26].

However, we have to be aware of the fact that the the-
oretical results delicately depend on the details of the
input parameters, both in the relativistic and in the non-
relativistic calculations. The most commonly used pa-
rameter sets NL1 and NL2 in the RMF theory predict
too large neutron radii compared with the experimen-
tal values [27]. This shortcoming may arise from the
large value of the asymmetry energy in these sets, which
is about 44 MeV. Sharma et al. [27] introduced a new
parameter set by modifying the NL1 set. This new pa-
rameter set has been used for calculating a series of nu-
clei including deformed and highly exotic nuclei on both
sides of the stability lines. It is more successful in re-
producing the experimental data of the rms radii, de-
formations, and the binding energy of unstable nuclei.
This new set of parameters is called the NL-SH set, and
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its values and nuclear matter properties can be found in
Ref. [27]. In the present work, we use this set in the rela-
tivistic calculations. On the other hand, Giai and Sagawa
[28] improved the original Skyrme-Hartree-Fock calcula-
tions which used forces with too high incompressibility
by introducing a weaker density dependence. They also
introduced the spin-exchange properties in the velocity-
dependent parts of the interaction. We use the improved
parameter set of Giai and Sagawa, the SGII set [28], in
our nonrelativistic calculations.

We solve the relativistic Hartree equations by a self-
consistent iterative method [17] based on an expansion in
the basis of deformed axially symmetric harmonic oscilla-
tor wave functions. The initial deformation parameter Gy
for the basis expansion is taken from [29]. We truncate
the harmonic oscillator bases at the maximum oscillator
quanta Npax = 12 for both bosons and fermions. We
have checked that the results do not change on increas-
ing Nmax. We ignored the spatial components of the vec-
tor meson fields, which may become finite because of the
breaking of time-reversal symmetry [17]. The details of
the numerical procedure for the nonrelativistic Hartree-
Fock calculations are given in Refs. [24,30]. In both rel-
ativistic and nonrelativistic calculations, the pairing in-
teraction has been treated in the BCS theory assuming a

TABLE I. Root mean square radii of the neutron and the
proton distributions obtained by various parameter sets in
both the RMF and nonrelativistic SHF models. The last col-
umn (Expt.) are experimental data of 800 MeV polarized
proton scattering [31].

Nucleus NL-SH NL1 NL2 SGII SkM* SIII Expt.
4OCa
Tn 3.340 3.359 3.340 3.326 3.377 3.357 3.491
Tp 3.399 3.405 3.391 3.375 3.427 3.402 3.392
48Ca
Tn 3.614 3.644 3.667 3.574 3.616 3.607 3.625
Tp 3.383 3.396 3.359 3.420 3.449 3.459 3.396
58Ni
Tn 3.692 3.686 3.731 3.700 3.721 3.744 3.700
Tp 3.682 3.637 3.719 3.708 3.721 3.748 3.686
84Ni
Tn 3.908 3.950 3.936 3.873 3.908 3.913 3.912
Tp 3.745 3.726 3.761 3.775 3.785 3.821 3.745
QOZr
Tn 4.296 4.351 4.331 4.260 4.290 4.309 4.289
Tp 4.189 4.215 4.195 4.205 4.225 4.256 4.204
IIGSn
Tn 4.696 4.752 4.726 4.638 4.670 4.688 4.692
Tp 4.537 4.546 4.541 4.556 4.562 4.611 4.546
124Sn
Tn 4.844 4.920 4.888 4.761 4.798 4.807 4.851
Tp 4.588 4.606 4.595 4.612 4.618 4.669 4.599
14OCe
Tn 5.004 5.072 5.036 4.929 4.955 4.978 4.971
Tp 4.808 4.835 4.813 4.831 4.831 4.887
208Pb
Tn 5.710 5.789 5.755 5.590 5.628 5.650 5.593
Tp 5.447 5.476 5.453 5.458 5.460 5.528 5.453
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FIG. 1. The rms radii of (a) the neutron, (b) the proton,
and (c) the matter distributions as functions of the mass num-
ber for Cs isotopes. The solid and the short dashed lines are
the results of the RMF and the nonrelativistic SHF calcula-
tions, respectively. The long dashed line is the result of Myers’
formula given in [33].

constant gap given in Ref. [29] except for the magic nu-
clei 137Cs and 81Cs, for which we set the gap parameter
for neutrons to be zero.

We now discuss the results of our numerical calcula-
tions. We first focus our attention on the radii of the
neutron and proton distributions. In order to confirm
that the NL-SH and SGII parameter sets are adequate,
we compare in Table I the results of our calculations of
the radii of the neutron and the proton distributions for
some known nuclei calculated by several parameter sets.
The table shows that all the parameter sets in both RMF
and SHF calculations excellently reproduce both the ex-
perimental neutron and proton distribution radii r,, and
rp for known stable nuclei. As we mentioned before, how-
ever, NL1 and NL2 overestimate the known neutron dis-
tribution radius for unstable nuclei. Also, the experi-
mental data of the quadrupole moments of unstable W
isotopes agree better with the results of the NL-SH set
rather than those of the NL1 set [32].

In Fig. 1, we plot the rms radii of neutron (r,), pro-
ton (rp), and matter (r,,) distributions as functions of
the mass number for Cs isotopes. The rms radii of the
proton distribution are almost the same in the RMF (the
solid line) and SHF calculations (the short dashed line).
The rms radii of the neutron and the matter distribu-
tions are predicted to be slightly larger for all isotopes
in the relativistic calculations using NL-SH than in the
nonrelativistic calculations assuming SG-II. This subtle
difference depends, however, on the choice of forces as we
see in Table I. The figure contains also 7, 7, and r,, cal-
culated based on the analytic expressions of Myers [33]
(the long dashed lines). We see that Myers’ formulas give
systematically smaller radii compared with the results of
both the relativistic and nonrelativistic calculations.

Figure 2 shows the results of our relativistic and non-
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FIG. 2. Difference between the rms radii of the neutron
and the proton distributions Aryn, as a function of the mass
number. The solid and the dashed lines are the results of the
RMF and SHF models, respectively.

relativistic calculations for the difference between the
neutron and the proton distribution radii Ar,, , defined
by Ar,, = rn — rp, as a function of the mass number.
The NL-SH RMF calculations predict constantly larger
values of Ar,, than the SG-II SHF calculations. One no-
tices that the radius of the proton distribution is larger
than that of the neutron distribution for proton-rich iso-
topes. This difference is, however, very small. This in-
dicates that there is no significant proton skin for these
large Z nuclei. This is due to a large Coulomb repul-
sion. With increasing neutron number, the radius of the
neutron distribution increases faster than that of the pro-
ton distribution leading to the neutron skin as we discuss
shortly.

In Fig. 3, we plot the quadrupole deformation param-
eter B as a function of the mass number. As we expect,
the shape is almost spherical when the neutron number
is close to a magic number 82 and 126.

The existence of a neutron skin or a neutron halo is an
intriguing question concerning the structure of unstable
nuclei [34,35]. In this connection, we present in Fig. 4
the results shown in Fig. 2 in the form of the neutron
skin. Among various definitions of the neutron skin, we
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FIG. 3. Quadrupole deformation parameter as a function
of the mass number. The results of relativistic calculations
are shown.
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FIG. 4. Neutron-skin ratio ns = 2(rn —7rp)/(rn +17,) as a
function of the mass number for Cs isotopes. The solid and
the dashed lines are the results of the RMF and nonrelativistic
SHF models, respectively.

Skin ratio

use the ratio ns = 2—((1—,21_{-7;’-':% following Krasznaborkay et

al. [35]. We refer to 2°®Pb as the standard nucleus, and
judge that a certain nucleus has a neutron skin if its ns
value is larger than that of 2°®Pb. The value of ns for
208p} s predicted to be 0.05 and 0.01 in the RMF and
SHF calculations, respectively. Figure 4 shows that the
skin formation starts beyond A > 136 for Cs isotopes.
Though the RMF calculations give larger skin ratio than
the SHF calculations, both of them predict that the neu-
tron skin increases with increasing neutron number. The
results of our nonrelativistic calculations agree with the
results in [34], though another definition of the neutron
skin is used there. In our calculations, the maximum skin
ratio is 0.12 and 0.08 for the drip line nuclei #*Cs and
182Cs in the RMF and SHF calculations, respectively.
The two-neutron separation energy S, plays a crucial
role in order to form the neutron halo in drip line nuclei.
It will also play an important role in forming a neutron
skin near the neutron drip line. The two-neutron separa-
tion energy is shown in Fig. 5 as a function of the mass
number. The solid dots and the solid and dashed lines de-
note the experimental two-neutron separation energy [36]
and that obtained by the RMF and the nonrelativistic
calculations, respectively. The RMF calculations agree
fairly well with the experimental data of S, though they
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FIG. 5. Two-neutron separation energy (Sz2.) in RMF (the
solid line) and nonrelativistic SHF (the dashed line) models.
The dots are the experimental values taken from Ref. [36].
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FIG. 6. (a) Inner surface diffuseness parameter a; as a function of the mass number. The closed and the open symbols
refer to neutrons and protons, respectively. The squares and the circles are for the direction along the axially symmetric axis
and for the perpendicular direction, respectively. (b) The same as (a), but for the outer surface diffuseness parameter az. (c)
Comparison of the inner and the outer surface diffuseness parameters a; and a2 in the direction along the axially symmetric
axis. We used the sum of the neutron and the proton densities. (d) The same as (c), but along the direction perpendicular to

the axially symmetric axis.

show some staggering, which is probably due to the igno-
rance of the spatial component of the vector meson fields
in our calculations. On the other hand, nonrelativistic
calculations systematically give slightly larger Sz, for al-
most all Cs isotopes. We observe that S3, drastically
decreases beyond mass number A = 137. This is the
mass number where neutrons start to fill the next major
shell. As we see in Fig. 4, this is also the transitional
region, where a neutron skin starts to be formed.

We now move to the problem of the surface diffuseness.
We fitted the density profile obtained by either relativis-
tic or nonrelativistic calculations by introducing different
functions for the inner and the outer regions,

p1 1
p(r) =4 1+elr—F/a (r<R) (1)
pze_"/“"’ (7‘ > RI),

where p1, p2, Ri, a1, and a. are fitting parameters. R’
was chosen to be the radius where the density becomes
10% of the central density. The reason why we introduce
different functions for the inner and the outer regions is
because the properties of the nuclear surface in the region

of extremely small density and in the region with moder-
ate density will be governed by different physical quanti-
ties. For example, the surface diffuseness in the external
region will be related to the separation energy of the last
nucleons, whereas that in the region with moderate den-
sity will be governed by the nuclear incompressibility and
the effective mass of the nucleons [37-39].

Figures 6(a) and 6(b) show the inner and outer surface
diffuseness parameters a; and a for protons (open sym-
bols) and neutrons (closed symbols) separately as func-
tions of the mass number. Each AN=4 isotope with
even neutron number is shown. The squares and the cir-
cles are the surface diffuseness in the z direction, i.e.,
in the direction of the axially symmetric axis, and that
in the perpendicular direction, respectively. We observe
that the surface diffuseness of the neutron distribution in-
creases with increasing neutron number, while that of the
proton distribution stays almost constant. Figures 6(c)
and 6(d) compare a; and a; in two directions. Here,
we used the total density. We observe that a; is larger
than a; for almost all isotopes except for nuclei close to
the neutron drip line for the direction perpendicular to
the axially symmetric axis. These trends hold irrespec-
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tive of the choice of the force. The absolute value of the
surface diffuseness, on the other hand, strongly depends
on the choice of the force. For example, NL1, whose
incompressibility is roughly half that of NL-SH, gives
much larger surface diffuseness than NL-SH. Similarly,
the magnitude of the surface diffuseness depends on the
choice of forces in nonrelativistic Skyrme-Hartree-Fock
calculations through their different properties regarding
the incompressibility and the effective mass. Note that
in this case the inner surface diffuseness parameter a; for
nuclear matter is related to the incompressibility K and
the force parameters ¢; and ¢, as [38]

_ 2 9,00 hz 2
a; = 3 [32K {9t — t2(5 + 4z2)} + m] s (2)

where pg and z, are the central density and an exchange
parameter in the Skyrme force, respectively.

Note that t; and t; are related to the effective mass,
though the latter depends on t; and t; in a different
combination from that for a; given in Eq. (2):

w = i 1 3t t2(5+4 3
() 2m() 16 (3tr +t2 (5 +4w2)}p(r) . (3)
The increase of the surface diffuseness with increasing
number of neutron excess could be related to the de-
crease of the incompressibility due to the symmetry term
[40-43].

It would be an interesting problem to derive similar
equations to Egs. (2) and (3) for the parameters in RMF
calculations. To this end, one could use the relation-
ships between the Skyrme parameters t; and ¢, and the
parameters in the RMF theory, which have been ob-
tained in [44]. We found, however, that these relation-
ships give too large surface diffuseness compared with
that obtained by fitting the density provided by the nu-
merical calculations. This could be related to the fact
that they give much larger effective mass than that given
by m* = m—gg-¢, ¢ being the scalar field. These puzzles
should be resolved in the future.

Concerning the surface diffuseness in the outer region,
Fig. 6(b) shows that a, for neutrons in the direction of
the axially symmetric axis (closed squares) increases like
a step function at around mass number 137, and then
gradually increases towards the neutron drip line, though
there exists a local minimum at A=152. This noticeable
change around the mass number 137 reflects the dras-
tic decrease of the two-neutron separation energy around
that nucleus (see Fig. 5). Also, the mass formula of
Tachibana et al. [45] suggests that the neutron separation
energy suddenly decreases at nearly the same mass num-
ber. These indicate that the surface diffuseness in the
outer region is indeed related to the separation energy of
the last nucleons. Notice that the solid squares and the
solid circles in Figs. 6(a) and 6(b) coincide at A=137.
This has to be so, because the isotope with A=137 is al-
most spherical due to the magic neutron number N=82.
The disagreement of the solid circle and the solid square
at the other magic isotope the A=181 will be because the
deformation parameter is not completely zero, but finite,
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FIG. 7. (a) Density distributions of the neutrons and pro-
tons in !33Cs along the axially symmetric axis. (b) Density
distributions of the neutrons and protons in ***Cs along the
axially symmetric and the perpendicular axes. Only the re-
sults of relativistic calculations are shown. (c) The same as
(a), but for *8'Cs.
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i.e., 8 = 0.007 for A=181. On the other hand 8 = 0.0002
for the isotope A=137. The octupole moment is also
more than two times larger in the A=181 isotope than
in the A=137 isotope. In these senses, the isotope with
mass number 181 is less magic than that with 4=137.
The change of the radii and the surface properties
discussed above can be visualized by plotting the den-
sity profile. Figure 7 shows the density distributions of
neutrons and protons for three representative isotopes,
133Cs, 148Cs, and '81Cs, obtained in both the RMF and
SHF calculations. 33Cs is the unique stable nucleus
among the Cs isotopes. !81Cs resides at the neutron
drip line, in the case of RMF calculations. We chose
148Cs as the example of unstable nuclei, because exper-
imental study could be feasible up to this isotope in
the present experimental facilities. Figure 7(a) shows
the neutron and the proton densities of 133Cs along the
axially symmetric axis. The results of both relativistic
and nonrelativistic calculations are shown. The density
profile along the perpendicular axis looks similar. Fig-
ure 7(b) shows the neutron and the proton densities for
148Cs along the axially symmetric and the perpendic-
ular axes, respectively. Only the results of relativistic
calculations are shown. Figure 7(c) shows the density
distributions of 181Cs along the axially symmetric axis
obtained by the relativistic and nonrelativistic calcula-
tions. Since this nucleus is almost spherical, the density
distributions along the perpendicular axis are almost the
same. Comparison of these figures clearly demons*rates
that the neutron distribution extends more than the pro-
ton distribution as the number of neutrons increases, thus
forming a neutron skin. Figure 7(b) shows that a sizable
neutron skin exists in both directicus already for 148Cs.

Figures 7(a) and 7(c) show that relativistic and nonrel-
ativistic calculations give qualitatively similar behavior
regarding the surface properties.

In summary, we discussed the density and the sur-
face properties of Cs isotopes based on deformed RMF
and spherical nonrelativistic SHF calculations. Our cal-
culations predict a large neutron skin with skin ratio
ns = 0.12 and ns = 0.08 for the nuclei on the neutron
drip line, ¥'Cs and '82Cs in RMF and SHF calculations,
respectively. An interesting thing is that a sizable neu-
tron skin is predicted already for nuclei far inside the
drip line, which could be studied by the existing exper-
imental facilities. On the other hand, no proton skin
was predicted for all isotopes including that on the pro-
ton drip line, i.e., 112Cs. Our calculations predict that
the neutron skin and the surface diffuseness of the neu-
tron distribution increase with increasing neutron num-
ber. We are now studying how these properties affect

' heavy-ion reactions, such as fusion reactions at energies

below the Coulomb barrier and multinucleon transfer re-
actions during deep inelastic heavy-ion collisions, when
one of the neutron-rich nuclei is used as the projectile
[46]. The results will be reported in separate papers.
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