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Density profiles near the nuclear surface of 44,52Ti: An indication of α clustering
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We investigate the degree of α (4He nucleus) clustering in the ground-state density profiles of 44Ti and 52Ti.
Two types of density distributions, shell- and cluster-model configurations, are generated fully microscopically
with the antisymmetrized quasi-cluster model, which can describe both the j− j coupling shell and α-cluster
configurations in a single scheme. Despite both the models reproducing measured charge radius data, we found
that the α clustering significantly diffuses the density profiles near the nuclear surface compared to the ideal
j− j coupling shell-model configuration. The effect is most significant for 44Ti, while it is less for 52Ti due to
the occupation of the 0 f7/2 orbits in the 48Ca core. This difference can be detected by measuring proton-nucleus
elastic scattering or the total reaction cross section on a carbon target at intermediate energies.
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I. INTRODUCTION

Nucleon density distributions include a variety of informa-
tion on the nuclear structure. Saturation of the nuclear density
in the internal region and the dropoff at the nuclear surface
were revealed by systematic measurements of charge density
distributions using electron scattering [1]. The nucleon den-
sity distribution can also be obtained using proton-nucleus
elastic scattering [2]. Such measurements were extended to
unstable nuclei using the inverse kinematics [3]. Since the
nuclear density is saturated in the internal region, the nuclear
structure information is obtained near the nuclear surface
[4,5]. For example, nuclear deformation induces a sudden
enhancement of the nuclear matter radius [6–14], where the
density profile near the nuclear surface is significantly dif-
fused compared to the spherical configuration [15,16]. The
nuclear “bubble” structure, the internal density depression,
can also be imprinted on the nuclear surface [17].

We explore how the nuclear structure affects the density
profiles near the nuclear surface. These days, exploring an
α (4He nucleus) cluster in medium to heavy mass nuclei has
attracted attention in the context of the astrophysical interest
[18]. Direct measurement of the degree of α clustering near
the nuclear surface has been realized using α knockout re-
actions [19]. The quantification of the degree of α clustering
may impact the determination of the reaction rates of astro-
physically important reactions involving medium mass nuclei.

Although the clustering is exotic and intriguing to ex-
plore, the standard picture for the nuclear structure is shell
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structure, and the difference between these two, must ap-
pear in the density profiles near the nuclear surface. Here
we choose 44Ti and 52Ti as representatives of medium mass
nuclei. The well-developed 40Ca +α structure of 44Ti was
predicted in Ref. [20]. Afterward, the inversion doublet struc-
ture was confirmed experimentally [21,22] as its supporting
evidence. The α-cluster structure of 44Ti was microscopically
investigated [23]. Establishing the degree of the clustering in
44Ti may impact the 40Ca(α, γ ) 44Ti reaction rate [24]. The
influence of the α clustering on the reaction rate was discussed
for 48Ti using the (p, pα) knockout reactions [25]. We remark
that the mechanism of the emergence of the α cluster near the
nuclear surface in medium mass nuclei was recently suggested
concerning the tensor force [26].

In this paper, we discuss the difference of the density pro-
files near the nuclear surface between cluster and shell models
by taking an example of 44Ti. We also examine the case of 52Ti
to clarify the role of excess neutrons. The study along this line
may give a hint for the research into the emergent mechanism
of α particles in the neutron-rich nuclei toward understanding
nuclear matter properties. For this purpose, we need a model
that can describe both the shell and cluster configurations
in a single scheme. Here we employ the antisymmetrized
quasi-cluster model (AQCM [27–40]). This model allows one
to smoothly transform the cluster-model wave function to the
j− j coupling shell one, and these two can be treated on the
same footing.

The paper is organized as follows. Section II summarizes
the present approach to investigate the α clustering in the
density profiles of 44Ti and 52Ti. How to calculate the den-
sity distributions that have shell and cluster configurations
using the AQCM is explained in Sec. II A. For the sake of
convenience, some definitions of the nuclear radii are given
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in Sec. II B. To connect obtained density profiles with reac-
tion observables, a high-energy reaction theory, the Glauber
model, is briefly explained in Sec. II C. Section III presents
our results. First, in Sec. III A, we discuss the properties
of the wave functions with the shell and cluster configu-
rations. Definitions and characteristics of the two types of
model wave functions are described in detail. In Sec. III B,
we compare the resulting density profiles and discuss the
relationship between these density profiles and reaction ob-
servables. Section III C clarifies the difference in the shell-
and cluster-model approaches in the density profiles. Finally,
the conclusion is given in Sec. IV.

II. METHODS

A. Density distribution with antisymmetrized quasi-cluster
model (AQCM)

The AQCM ansatz of the core (40Ca or 48Ca) plus α par-
ticle wave function, which can be transformed to the j− j
coupling shell model one, is defined by the fully antisymmet-
ric (A) product of the core and α wave functions as

�(νC, να, R,�p,�n) = A{�C(νC)�α (να, R,�p,�n)}. (1)

The wave function of the core nucleus �C with the oscillator
size parameter νC is constructed based on the multi-α cluster
model [41]. For 40Ca, the core wave function is obtained
by taking small distances among ten α clusters; this nucleus
corresponds to the closure of the sd shell and the shell- and
cluster-model wave functions coincide at the zero-distance
limit of the intercluster distances. For 48Ca, we need to put
additional eight neutrons describing the neutron number N =
28 subclosure of the 0 f7/2 shell, and AQCM allows a simple
description to transform the cluster model to the shell model.
The details are given in Ref. [32].

The wave function of the α particle at the distance between
the center-of-mass coordinate of the core and the α particle, R,
is defined as the product of the single-particle Gaussian wave
packet as

�α (ν, R,�p,�n) = φν
1 (↑, p)φν

2 (↓, p)φν
3 (↑, n)φν

4 (↓, n) (2)

with a single-nucleon Gaussian wave packet with spin χs

(s =↑ or ↓) and isospin ηt (t = p or n) wave functions

φν
i (s, t ) =

(
2ν

π

)3/4

exp[−ν(ri − ζt )
2]χsηt , (3)

where

ζt = R + i�t e
spin
t × R (4)

with espin
t being a unit vector for the intrinsic-spin orientation

of a nucleon. Note that it corresponds to the ordinary Brink
α-cluster wave function in Ref. [41] by taking �t = 0. A
limit of R → 0 leads to the SU(3) limit of the shell-model
configuration. The j− j coupling shell-model wave function
can be expressed by introducing �t = 1 with R → 0 [30].
For example, in 44Ti, the α cluster is changed into (0 f7/2)4

configuration using AQCM. Thus, the model wave function
can describe both the shell and α-cluster configurations in a
single scheme.

Finally, the density distribution in the laboratory frame is
obtained by averaging the intrinsic density distribution over
angles as

ρt (r) = 1

4π

∫
d r̂ ρ int

t (r), (5)

where ρ int
t is obtained by using the Slater determinant of 44Ti

or 52Ti represented as �

ρ int
t (r) = 〈�|

∑
i∈t

δ(ri − r)|�〉/〈�|�〉, (6)

where the summation is taken over protons (t = p) or neutrons
(t = n). Note that

∑A
i=1〈ri〉 = 0 is imposed and the center-

of-mass motion is ignored as the mass number A ≈ 40–50 is
large.

B. Definitions of radii

The root-mean-square (rms) point-proton, neutron, and
matter radii are calculated by

rp =
√

4π

Z

∫ ∞

0
dr r4ρp(r), (7)

rn =
√

4π

N

∫ ∞

0
dr r4ρn(r), (8)

rm =
√

4π

A

∫ ∞

0
dr r4[ρp(r) + ρn(r)], (9)

where Z denotes the proton number. The charge radius rch is
converted from the theoretical point-proton radius rp by using
the formula [42,43]

r2
ch = r2

p + r2
ch,p + N

Z
r2

ch,n + 3h̄2

4m2
pc2

, (10)

where r2
ch,t is the second moment of the nucleon charge dis-

tribution, and the fourth term of Eq. (10) is the so-called
Darwin-Foldy term, which comes from relativistic correction.

C. Reaction observables within the Glauber model

Proton-nucleus elastic scattering at intermediate energy is
one of the most direct ways to extract the density profiles
near the nuclear surface. We remark that the whole density
distribution can be obtained by measuring up to backward
angles [44,45], although the internal density has large uncer-
tainties. As long as the nuclear surface density is of interest,
only cross sections at forward angles—to be more specific, the
cross section at the first peak in proton-nucleus diffraction—is
needed to extract the “diffuseness” of the density distribution
as prescribed in Ref. [15]. To connect the density profile with
reaction observables at intermediate energies, we employ a
high-energy microscopic reaction theory, the Glauber model
[46].

The elastic scattering differential cross section is evaluated
by

dσ

d�
= | f (θ )|2 (11)
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with the scattering amplitude of the proton-nucleus elastic
scattering [47]

f (θ ) = FC (θ ) + ik

2π

∫
db e−iq·b+2iη ln(kb)(1 − eiχpT (b) ), (12)

where FC (θ ) is the Rutherford scattering amplitude, b is the
impact parameter vector, and η is the Sommerfeld parameter.
The relativistic kinematics is used for the wave number k.

The optical phase-shift function χpT includes all dynamical
information in the Glauber model, but its evaluation involves
multifold integrations. For practical calculations, the optical-
limit approximation (OLA) [46,47] is made to compute the
optical phase-shift function as

iχpT (b) ≈ −
∫

dr [ρp(r)�pp(b + s) + ρn(r)�np(b + s)],

(13)

where r = (s, z) with z being the beam direction. The in-
puts to the theory are the projectile’s density distributions
and proton-proton (neutron-proton) profile function �pp (�np).
The parametrization of the profile function is given in
Ref. [48]. Once all the inputs are set, the theory has no ad-
justable parameter, and thus the resulting reaction observables
must reflect the density profiles of the projectile nucleus.
The OLA works well for proton-nucleus scattering as demon-
strated, e.g., in Refs. [49,50], and its accuracy compared to
those obtained by the full evaluation of the optical phase-shift
function were discussed in Refs. [50–53].

The density profile can also be reflected in the total reaction
cross sections at medium to high incident energies, which
are a standard physical quantity to investigate the nuclear
size properties. Here, we investigate the total reaction cross
sections on a carbon target, as a carbon target is superior
to a proton target to probe the density distributions near the
nuclear surface [54,55]. In the Glauber model [46], the cross
section is calculated as

σR =
∫

db (1 − |eiχPT (b)|2). (14)

Since the multiple scattering effects cannot be neglected in the
nucleus-nucleus collision, the nucleon-target formalism in the
Glauber model [56] is employed to evaluate projectile-target
optical phase-shift function χPT (b). The inputs to the theory
are the density distributions of the projectile and target and
the profile function. We take harmonic-oscillator type density
for the target density that reproduces the measured charge
radius of 12C [43]. This model works well in many examples
of the nucleus-nucleus scattering involving unstable nuclei
[11,13,52,53,57–59] and is a standard tool to extract nuclear
size properties from the interaction cross section measure-
ments [60–62].

III. RESULTS AND DISCUSSIONS

A. Properties of the wave functions

Here we examine two types of model wave functions: one
is a shell-model-like configuration (S-type), and another is a
cluster-model-like configuration (C-type). Both models repro-
duce the experimental charge radius data of 44Ti. To clarify the

role of the excess neutrons, we examine 52Ti as well. Note that
the charge radius of 52Ti has not been measured yet, and thus
we use the data of the neighboring nucleus, 50Ti, 3.57 fm [43],
as a reference. In the following two subsections, we explain
how to construct the two model wave functions in detail.

1. Shell-model-like configuration (S-type)

The shell-model-like wave function (S-type) is practi-
cally constructed by taking the core-α distance R small with
νC = να = ν. It is known that this limit goes to the SU(3)
shell-model configuration [41]. For 44Ti, to express the j− j
coupling shell-model wave function, we take �p = �n = 1
[26], and thus the wave function of the valence nucleon orbit
becomes (0 f7/2)2

p(0 f7/2)2
n, where p is for proton and n is for

neutron. In this S-type wave function, as we fix the core-α
distance small, we only have one parameter, the oscillator
size parameter of 44Ti, ν. This is fixed to reproduce the
point-proton radius extracted from the charge radius data of
44Ti. To confirm the configurations are all right, we evaluate
the total harmonic oscillator quanta 〈Q〉, the expectation val-
ues of single-particle spin-orbit operators

∑A
i=1 l i · si, 〈LS〉,

and single-particle parity operators
∑A

i=1 Pi with Pi f (ri ) =
f (−ri ), 〈P〉. The last quantity represents the difference of the
numbers of particles in the positive-parity orbits and negative-
parity orbits. These calculated values are listed in Table I
and perfectly agree with the results expected from ideal shell-
model configurations: 〈Q〉 = 60, 〈LS〉 = 0, and 〈P〉 = 16 for
40Ca with the closed sd shell and 72, 6, and 12 for 44Ti with
the (0 f7/2)2

p(0 f7/2)2
n configuration.

For 48Ca, these values also agree with the ideal values of
the shell model, 〈Q〉 = 84, 〈LS〉 = 12, and 〈P〉 = 8. In the
case of 52Ti, as it differs from the case of 44Ti, we take �p =
1 and �n = 0.5, resulting in the desired expectation values
〈Q〉 = 96, 〈LS〉 = 16, and 〈P〉 = 4 for the (0 f7/2)2

p(1p3/2)2
n

configuration. This is because the 0 f7/2 neutron orbit is al-
ready filled by the core nucleus. The additional two neutrons
are found to occupy higher j-upper orbits such as 0g9/2 when
�n = 1. In fact, we get 〈Q〉 ≈ 98 when �p = �n = 1 is taken.
As the charge radius of 52Ti is unknown, we also generate the
52Ti wave function by extending the point-proton radius rp by
0.05 fm, which is listed as “extended” S-type.

2. Cluster-model-like configuration (C-type)

The α-cluster-model wave function (C-type) is constructed
based on the core plus α-cluster model. In this case, we take
�p = �n = 0, where the four nucleons are localized at a dis-
tance R from the core nucleus. The size parameters of the core
wave functions are respectively fixed to reproduce the charge
radii of 40,48Ca. For the C-type wave functions of 44,52Ti, for
the sake of simplicity, we set νC = να = ν. This is reasonable
because α-particle near the nuclear surface can be distorted
by the interaction and Pauli principle from the core. In fact,
the size of α-particle is somewhat enlarged compared to that
in vacuum [63]. Finally, the distances between the core and α

particle, R, of 44Ti and 52Ti are respectively fixed to reproduce
their charge radii. Hereafter we refer to this model as C-type.
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TABLE I. Properties of the shell-model-like (S-type) and α-cluster-model-like (C-type) wave functions. Values in parentheses are obtained
with ideal configurations.

ν (fm−2) R (fm) �p �n 〈Q〉 〈LS〉 〈P〉 rch (fm)

40Ca 0.1315 60.0 (60) 0.0 (0) 16.0 (16) 3.478
44Ti (S-type) 0.1270 0.20 1 1 72.0 (72) 6.0 (6) 12.0 (12) 3.611
44Ti (C-type) 0.1315 2.85 0 0 72.9 0.0 (0) 13.2 3.611
48Ca 0.1311 84.2 (84) 12.0 (12) 8.4 (8) 3.476
52Ti (S-type) 0.1297 0.20 1 0.5 96.2 (96) 15.5 (16) 4.4 (4) 3.569
52Ti (C-type) 0.1311 1.60 0 0 96.5 11.2 4.9 3.569
52Ti (extended, S-type) 0.1260 0.20 1 0.5 96.2 (96) 15.5 (16) 4.4 (4) 3.619
52Ti (extended, C-type) 0.1311 3.01 0 0 97.4 11.4 5.9 3.619

Table I also lists the properties of the C-type wave func-
tions. For 44Ti, the 〈LS〉 values are zero as �p = �n = 0.
The core and cluster distance is determined to be R = 2.85
fm, implying well-developed α clustering near the nuclear
surface. 〈Q〉 is a bit larger than that of the S-type. This is due
to the mixing of sdg-shell orbit (〈Qi〉 = 4, 〈Pi〉 = +1), which
can be confirmed from the fact that the 〈P〉 value of the C-type
is larger than that of the S-type.

For 52Ti, the core-α distance is found to be smaller, R =
1.60 fm, reproducing the charge radius of 50Ti. The S-type
and C-type wave functions give similar 〈Q〉 values, while
〈LS〉 value is reduced for the C-type wave function because
α cluster part does not contribute to this value.

The distance becomes comparable to that of 44Ti, R ≈ 3
fm, when the extended charge radius is assumed for 52Ti. In
that case, increases of the 〈Q〉 and 〈P〉 values are attained by
the contribution of higher shells, which is the same reason
found in 44Ti. The 〈LS〉 value is also reduced for the C-type
compared to the S-type by the same amount, as in the case
of those reproducing the charge radius of 50Ti because, the
S-type wave function includes 1p3/2 orbits, while the C-type
wave function has no contribution from the α cluster part.

B. Density profiles and reaction observables

Here we investigate the difference between these density
profiles obtained in the previous section. Table II lists the root-
mean-square (rms) point-proton (rp), neutron (rn), and matter
(rm) radii of these density models employed in this paper. Thus
far, we have obtained different density profiles that have the
same charge radius, i.e., the rms point-proton radius. For 40Ca

TABLE II. Rms point-proton, neutron, and matter radii and dif-
fuseness parameters for proton, neutron, and matter in units of fm.

rp rn rm ap an am

40Ca 3.38 3.38 3.38 0.551 0.551 0.551
44Ti (S-type) 3.51 3.51 3.51 0.557 0.557 0.557
44Ti (C-type) 3.51 3.51 3.51 0.625 0.625 0.625
48Ca 3.38 3.62 3.52 0.552 0.528 0.540
52Ti (S-type) 3.48 3.68 3.59 0.552 0.574 0.572
52Ti (C-type) 3.48 3.67 3.59 0.608 0.566 0.593
52Ti (extended, S-type) 3.53 3.73 3.65 0.558 0.584 0.579
52Ti (extended, C-type) 3.53 3.71 3.63 0.630 0.579 0.606

and 44Ti, as the numbers of protons and neutrons are the same,
the rms point-neutron radius is the same as that for the protons
by the definition of the AQCM ansatz of Eq. (1). For 52Ti,
the rn value of the C-type is slightly smaller than that of the
S-type, since an α particle is isoscalar and has no neutron-
skin thickness in this model wave function. This is consistent
with the results showing the negative correlations between the
neutron skin thickness and α clustering [18,64].

Figure 1 displays the point-proton density distributions
(S-type and C-type) of 44Ti. Note that the distributions are
the same for the neutrons. The density distribution of 40Ca
is also plotted for comparison. Despite the S-type and C-type
density distributions giving the same charge radii, they exhibit
different density profiles. All three densities coincide at r ≈ 3
fm, which divides the internal and outer parts of the density
distribution. The internal densities are reduced in the S-type.
This is attributed to the fact that, in S-type, the increase of
the charge radius from 40Ca to 44Ti partially comes from the
change of the size of the oscillator parameter, 1/

√
ν. This

leads to the depression of the internal density. For the C-type,
the internal density at around r ≈ 1–3 fm is enhanced, which
is reasonable, given that the α cluster is located at r ≈ 3 fm.
Around the surface regions, at r � 3 fm, the S-type density
has larger values; but the inversion occurs, and the C-type
density is larger at r � 4 fm.
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FIG. 1. Point-proton density distributions of 44Ti and 40Ca. The
distributions are the same for the neutron.
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FIG. 2. Point-proton (t = p) and neutron (t = n) density distri-
butions of 52Ti and 48Ca.

Figure 2 plots the point-proton and neutron density distri-
butions of 52Ti and 48Ca. The charge radius of 50Ti is used
for 52Ti to determine the parameters. While changes in the
proton density distributions from 48Ca to 52Ti are small, they
are similar to those for the 44Ti case. For the neutron density
distributions, though the densities at the surface region of
r � 4 fm are a little enhanced, the S- and C-type distributions
are quite similar, implying the effect of the (0 f7/2)8

n configu-
ration in the 48Ca part. We will address this reason in the next
subsection.

These differences between the S-type and C-type are re-
flected in patterns of proton-nucleus diffraction. Figure 3 plots
the proton-nucleus differential elastic scattering cross sec-
tions. The proton incident energies are chosen as 320 and
1000 MeV, where the experimental data of 40,48Ca +p are
available [65–67] (crosses). Our results perfectly reproduce
the data of 40,48Ca +p up to the second peak, which verifies
our approach. For 44Ti, the difference between the two types
of density models (S-type and C-type) is apparent at the first
and second peak positions. For a closer comparison, we plot in
Fig. 4 the cross sections in a linear scale. We clearly see that
the difference between the cross sections of the S-type and
C-type density models is larger than the uncertainties of the
experimental 40Ca +p cross sections at the first peak position.
Measurement of these cross sections is useful to distinguish
the degree of the clustering near the nuclear surface. In con-
trast, less difference is found in the cases of 52Ti, as expected
from Fig. 2. The difference is found to be comparable to the
uncertainties of the experimental 48Ca +p cross sections. The
situation is improved when we take the extended charge radius
for 52Ti.

These differences in the density profiles can also influence
the total reaction cross sections. Here we examine the cross
sections on a carbon target as they are more sensitive to the
density distributions near the nuclear surface than those on a
proton target [54,55]. Figure 5 displays the calculated total
reaction cross sections on a carbon target as a function of the
incident energy. Though the difference is not as significant as
that in the proton-nucleus differential elastic scattering cross
sections, the difference between the two density models (S-
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FIG. 3. Differential elastic scattering cross sections of (a), (c)
44Ti +p and 40Ca +p and (b), (d) 52Ti +p and 48Ca +p at incident
energies of (a), (b) 320 MeV and (c), (d) 1000 MeV as a func-
tion of scattering angles. The experimental data are taken from
Refs. [65–67]. For the sake of visibility, the cross sections of 44Ti +p
and 52Ti +p are multiplied by some factors.

type and C-type) is at most about 2% for 44Ti, which is larger
than the present experimental precision, typically less than 1%
[62,68]. The cross sections with the S- and C-type density
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FIG. 5. Total reaction cross sections of 44Ti and 52Ti on a carbon
target as a function of incident energy.

distributions are almost identical for 52Ti. A little difference
is found when the extended charge radius is applied to 52Ti.

To explore the α clustering for heavier nuclei, we inves-
tigate cases for Sn isotopes; to be more specific, 120Sn +α

and 132Sn +α. We found that The C-type configuration always
gives a more diffused nuclear surface than that of S-type, as
we have shown in Ti isotopes. However, the difference cannot
be distinguished clearly since the density profiles of the S-
and C-types become similar as the mass number increases. In
such a case, a more direct way, e.g., α-knockout reaction [19],
could be more useful to quantify the degree of the α clustering.

C. Close comparison of the density profiles

To clarify the origin of the differences in the density pro-
files, it is convenient to quantify the density profiles near
the nuclear surface. For this purpose, we extract the nuclear
diffuseness from the calculated density distributions using the
prescription given in Ref. [15]. Nuclear diffuseness is defined
in a two-parameter Fermi (2pF) function,

ρ2pF(R̄q, aq, r) = ρ0q

1 + exp[(r − R̄q)/aq]
, (15)

where the radius R̄q and diffuseness aq parameters are respec-
tively defined for neutron (q = n), proton (q = p), and matter
(q = m). Given the R̄q and aq values, the ρ0q value is uniquely
determined by the normalization condition. These parameters
are determined by minimizing∫ ∞

0
dr r2|ρ2pF(R̄q, aq, r) − ρq(r)|. (16)

Note ρm = ρp + ρn. The extracted 2pF parameters are equiv-
alent to those obtained by fitting the first peak position and its
magnitude of proton-nucleus elastic scattering [15–17].

Table II also lists the extracted diffuseness parameters for
proton, neutron, and matter density distributions. These values
capture well the characteristics of the density distributions.
The diffuseness parameters are similar for 40Ca and 44Ti (S-
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FIG. 6. Difference of point-proton density distributions between
44Ti and 40Ca.

type), while they are significantly enhanced for 44Ti (C-type).
In the case of 52Ti, both the S- and C-types show enhanced
diffuseness parameters for neutrons and matter, while for pro-
tons a behavior is found similar to that for 44Ti.

To verify the reason, we plot in Fig. 6 the difference of
the proton density distributions between 44Ti and 40Ca as a
function of r, i.e., �ρp(r) = ρp(44Ti, r) − ρp(40Ca, r). In the
S-type, the internal density is depressed, reflecting the differ-
ence of the oscillator parameters of these nuclei. It peaks at
r ≈ 4 fm, coming from the additional (0 f7/2)2

p configuration.
The �ρp(r) value of the C-type behaves quite differently,
showing two peak structure that indicates the inclusion of the
nodal 1p orbits, which significantly enhances the diffuseness
of the nuclear surface [69]. The four valence nucleons mainly
occupy a “sharp” 0 f7/2 orbit in the S-type density, while a
“diffused” 1p orbit is filled in the C-type density, leading
to the significant difference in the density profiles near the
nuclear surface.

For 48Ca, the diffuseness parameter is smaller than that
of 40Ca as the sharp 0 f7/2 neutron orbit is filled, as seen in
Table II. Differently from the 44Ti case, in 52Ti, the neutron
diffuseness is enhanced also for the S-type because the two va-
lence neutrons are considered to occupy the 1p3/2 orbit; 0 f7/2

orbits for the neutrons are fully occupied in the 48Ca core.
This effect leads to the enhancement of nuclear diffuseness.
Figure 7 plots the differences of the proton and neutron den-
sity distributions between 52Ti and 48Ca. The C-type density
of 52Ti behaves like 44Ti but the amplitudes in the internal re-
gion are larger because the resulting core-α distance is smaller
than that of 44Ti, as we see in Table I. We also calculate
�ρp and �ρn for the extended 52Ti density distributions. The
enhancement of the surface region is more apparent relative to
that of the internal region, and the behavior of �ρp becomes
closer to that of 44Ti.

In summary, the C-type density gives a more diffused
surface than that of the S-type in 44Ti because the cluster
configuration allows the occupation of the nodal 1p orbit both
for neutrons and protons. For 52Ti, both the S- and C-types
induce the enhancement of the diffuseness because the S-type
also fills in the 1p3/2 orbit due to the Pauli principle from the
48Ca core. The difference in the density profiles for the S-
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FIG. 7. Difference of the density distributions for (a) proton and
(b) neutron between 52Ti from 48Ca.

and C-type configurations is found to be less drastic than in
the case of 44Ti. Investigation of the spectroscopic properties
of these nuclei can corroborate this scenario, which can be
achieved by using, e.g., the nucleon(s) knockout reactions
[70].

IV. CONCLUSION

We have studied the degree of the α clustering in the
ground state of 44Ti and 52Ti by using fully antisymmetrized
wave functions, the antisymmetrized quasi-cluster model
(AQCM), which can describe both the shell and cluster config-
urations in a single scheme. The characteristics of the density
profiles are elucidated by assuming the shell-model and α-
cluster-like configurations. The nuclear surface is diffused by
nodal single-particle orbits induced by localized four nucleons
at the nuclear surface. The difference between the shell and
cluster configurations becomes apparent for 44Ti, while it is
less for 52Ti because the shell-model configuration also has a
diffused nuclear surface originating from the 1p3/2 orbit due
to the Pauli principle between the excess neutrons.

In this paper, we show two limits of shell and cluster con-
figurations and find that these two aspects can be distinguished
by measuring the proton-nucleus elastic differential cross sec-
tion up to the first peak position as well as the nucleus-nucleus
total reaction cross sections. In reality, a nucleus consists of a
mixture of these two limits. Thus, these measurements will tell
us dominant configurations of the projectile nucleus, which
offers a complementary tool to quantify the existence of α

clusters near the nuclear surface.
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