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Shape of 13C studied by the real-time evolution method
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Background: Recently, Bijker et al. [Phys. Rev. Lett. 122, 162501 (2019)] explained the rotation-vibration
spectrum of 13C by assuming a triangular nuclear shape with D′

3h symmetry.
Purpose: The purpose of this work is to test the shape and symmetry of 13C based on a microscopic nuclear
model without assumption of nuclear shape.
Method: We have applied the real-time evolution method to 13C. By using the equation-of-motion of clusters,
the model describes the 3α + n system without any assumption of symmetry.
Results: REM described the low-lying states more accurately than the previous cluster model studies. The
analysis of the wave functions showed that the ground band has approximate triangular symmetry, while the
excited bands deviate from it.
Conclusion: This work confirmed that the ground band has the intrinsic structure with the triangular arrangement
of three α particles.

DOI: 10.1103/PhysRevC.103.054313

I. INTRODUCTION

Carbon isotopes have been an important subject in nu-
clear cluster physics as they manifest a rich variety of cluster
phenomena. The Hoyle state (the 02

+ state of 12C) exhibits
one of the most interesting clustering aspects Bose-Einstein
condensate (BEC) of three α particles [1]. The structure of
the Hoyle state and its analogous states in neighboring nuclei
has been one of the major topics in recent decades [2–14]. In
the highly excited region of carbon isotopes, a different type
of clustering, the linear chain of α particles, has also been
intensively discussed [15–28]. Among the carbon isotopes,
13C is of particular importance as the system composed of
three α particles (bosons) plus a valence nucleon (fermion).
The Hoyle analog state in 13C, the BEC of three α particles
with a neutron as an impurity, and the possible formation of
the linear-chain structure assisted by a valence neutron have
been main interests for this nucleus [29–37].

Recently, apart from these studies, Bijker et al. [38]
proposed a different interpretation for the structure of
13C based on the symmetry arguments. They applied the
algebraic cluster model (ACM) [39–41] to 13C, and assumed
triangular D′

3h symmetry of the 3α clusters accompanied by a
valence neutron. The intrinsic states were classified into three
representations of the symmetry group, and each of them
forms the rotational band and exhibits unique spectrum and
transition strengths. Based on a comparison with available
experimental data, they argued that many of the observed
ground and excited states can be assigned to these bands, and
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hence, 13C has triangular D′
3h symmetry. This suggests an

interesting insight into the structure of carbon isotopes and
contradicts the BEC interpretation of the Hoyle state and its
analog states. However, the model is based on pure symmetry
concepts and the deviation from the triangular symmetry,
which must take place in reality, is neglected. Therefore,
the symmetry behind the spectrum of 13C and deviation
from it should be tested by microscopic models without any
assumption of the nuclear shape.

The real-time evolution method (REM) recently proposed
by Imai et al. [42] is one of the microscopic cluster
models which can examine the shape of nuclei without
any assumption of the symmetry. It generates basis wave
functions with various cluster configurations by using the
equation of motion (EOM) of the Gaussian wave packets. A
benchmark calculation showed that REM precisely describes
the 3α system including the Hoyle state. Therefore, a natural
idea is to extend the method to the non-Nα systems [43].
It is noted that REM superposes a massive number of the
basis wave functions to describe the cluster systems, and it
does not introduce any assumption about the symmetry of
nuclear shape and cluster configurations. Therefore, REM is
a suitable nuclear model to test if there exists any symmetry
in the spectrum of 13C. Thus, the aim of this work is twofold.
The first is the extension and benchmark of REM for non-Nα

system, and the second is the verification of the triangular D′
3h

symmetry in the spectrum of 13C.
We organize this paper as follows. In the next section, the

framework of REM for the 3α + n system is briefly explained.
In Sec. III, the numerical results are presented. Compared to a
previous study which used the same Hamiltonian, REM yields
deeper binding energies for all bound states and describes the

2469-9985/2021/103(5)/054313(8) 054313-1 ©2021 American Physical Society

https://orcid.org/0000-0002-8452-8544
https://orcid.org/0000-0001-8735-7480
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.103.054313&domain=pdf&date_stamp=2021-05-19
https://doi.org/10.1103/PhysRevLett.122.162501
https://doi.org/10.1103/PhysRevC.103.054313


S. SHIN, B. ZHOU, AND M. KIMURA PHYSICAL REVIEW C 103, 054313 (2021)

3α + n system more accurately. Based on the B(E2) strengths,
we propose an assignment of the rotational bands and discuss
the internal structure of the band member states to examine
the triangular D′

3h symmetry. It is shown that the ground
band member states have the same intrinsic structure, which
has triangular arrangement of three α particles. However, it
is found that many excited states deviate from a rigid body
and fluctuate around the triangular shape. Finally, in the last
section, we summarize this work.

II. THEORETICAL FRAMEWORK

In this section, we explain the Hamiltonian and framework
of the real-time evolution method for the 3α + n system. The
Hamiltonian used in this study is given as

Ĥ =
13∑

i=1

t̂i +
13∑

i< j

v̂N (ri j ) +
13∑

i< j

v̂C (ri j ) − t̂c.m., (1)

where t̂i is the kinetic energy of the ith nucleon and t̂c.m. is the
center-of-mass kinetic energy. v̂N and v̂C denote the effective
nucleon-nucleon and Coulomb interactions, respectively. For
the central part of the nucleon-nucleon interaction, we used
Volkov no. 2 force [44] with the exchange parameters, W =
0.4, B = H = 0.125, and M = 0.6. The G3RS force [45] is
used for the spin-orbit part with two choice of the strength,
uls = 1000 and 2000 MeV. The latter value uls = 2000 MeV
was also used by Furutachi et al. [31], and we also adopt the
same strength for the sake of comparison. However, as shown
later, it does not reproduce the correct ordering of the ground
band member states, and hence, we also applied a weaker
strength uls = 1000 MeV for better description of the ground
band.

As the basis wave function to describe the 3α + n system,
we employ the Brink-Bloch wave function [46], which con-
sists of three α clusters with (0s)4 configuration coupled with
a valence neutron,

�(Z1, ..., Z4) = A{�α (Z1)�α (Z2)�α (Z3)�n(Z4)}, (2)

�α (Z) = A{φ(r1, Z)χp↑ · · · φ(r4, Z)χn↓}, (3)

�n(Z) = φ(r, Z)χn↑, (4)

φ(r, Z) =
(

2ν

π

)3/4

exp {−ν(r − Z)2} , (5)

where �α (Z) and �n(Z) denote the wave packets describing
the α cluster and the valence neutron located at Z, respec-
tively. In this study, we fix the valence neutron spin to up
in the intrinsic frame without loss of generality. The set of
three-dimensional vectors Z1, ..., Z4 is complex numbered
and describes positions and momenta of the 3α + n clusters in
the phase space. The size parameter ν = 1/2b2 of the α par-
ticle is fixed to b = 1.46 fm, which reproduces the observed
size of an α particle. The same size parameter is also used to
describe the valence neutron.

In the REM framework, we use the equation of motion to
generate the basis wave functions with various configurations

of clusters. From the time-dependent variational principle,

δ

∫
dt

〈�(Z1, ..., Z4)|ih̄ d/dt − Ĥ |�(Z1, ..., Z4)〉
〈�(Z1, ..., Z4)|�(Z1, ..., Z4)〉 = 0, (6)

one obtains the equation of motion (EOM) for the 3α + n
cluster centroids Z1, ..., Z4,

ih̄
4∑

j=1

∑
σ=x,y,z

Ciρ jσ
dZjσ

dt
= ∂Hint

∂Z∗
iρ

, (7)

Hint ≡ 〈�(Z1, ..., Z4)|Ĥ |�(Z1, ..., Z4)〉
〈�(Z1, ..., Z4)|�(Z1, ..., Z4)〉 , (8)

Ciρ jσ ≡ ∂2ln〈�(Z1, ..., Z4)|�(Z1, ..., Z4)〉
∂Z∗

iρ∂Zjσ
. (9)

By solving this EOM from an arbitrary initial wave function,
a set of the vectors Z1(t ), ..., Z4(t ) is obtained as a function
of the real-time t , which defines the basis wave function
�(Z1(t ), ..., Z4(t )) at each time.

When we solve the EOM, we add an external field Vd to
the Hamiltonian,

Vd = vd

∑
i

f (|ReZi − Rc.m.|), (10)

f (x) = (x − a)2θ (x − a), (11)

Rc.m. = 4

13

3∑
i=1

ReZi + 1

13
ReZ4, (12)

where θ (x − a) is the step function. This external field reflects
constituent particles at distance a to prevent them escap-
ing far away. The external field strength is chosen as vd =
1.5 MeV/fm2 which is strong enough to confine the particles
and not too strong to cause numerical error. The spatial size
of the confinement is chosen as a = 10 fm, and we confirmed
other choices of a (8 and 12 fm) do not change the numerical
results presented in the following.

Once we obtain a set of basis wave functions, we perform
the generator coordinate method (GCM) calculation by su-
perposing them after the projection of the parity and angular
momentum,


Jπ
M =

∫ Tmax

0
dt

J∑
K=−J

P̂Jπ
MK fK (t )�(Z1(t ), ..., Z4(t )), (13)

where P̂Jπ
MK is the parity and the angular momentum projection

operator,

P̂Jπ
MK = 2J + 1

8π2

∫
d�DJ∗

MK (�)R̂(�)
1 + π P̂x

2
. (14)

In the practical calculation, the integral in Eq. (13) is dis-
cretized as


Jπ
M =

∑
iK

P̂Jπ
MK fiK�i, (15)

where �i is an abbreviation for �(Z1(t ), ..., Z4(t )). The am-
plitude fiK and eigenenergy are determined by solving the
Hill-Wheeler equation [47,48].

054313-2



SHAPE OF 13C STUDIED BY THE REAL-TIME … PHYSICAL REVIEW C 103, 054313 (2021)

set 1

t = 0 fm/c 2500 fm/c

2500 fm/c

5000 fm/c

5000 fm/c

0-4 4 80-4 4 80

0

-4

-4

-8
-8

4

4

8

8

0

-4

4

8

0-4 4 8

7500 fm/c

7500 fm/ct = 0 fm/c

set 2

x [fm] x [fm] x [fm] x [fm]

y 
[f

m
]

y 
[f

m
]

FIG. 1. The snapshots of the intrinsic density distributions ob-
tained by the real-time evolution. The top (bottom) panels show the
wave functions from the ensemble set 1 (set 2).

III. RESULTS AND DISCUSSION

A. Time evolution of the 3α + n system

The numerical calculations were performed according to
the following procedure. First, using pure imaginary-time
τ = it in Eq. (7), we calculate the minimum intrinsic energy
that is found to be −83.1 MeV. Then, we generate the wave
functions with the intrinsic excitation energy E∗

int using the
same equation. We have tested several excitation energies and
used E∗

int = 30 MeV in this work as it gives the best conver-
gence of the GCM calculation. Using these wave functions as
the initial condition at t = 0, we calculate the time evolution
of the 3α + n system. The total propagation time was set to
10 000 fm/c, and the wave functions are recorded at every 33
fm/c. Consequently, an ensemble of the 300 wave functions is
generated. By using different initial wave functions at t = 0,
we generated two ensembles which we call sets 1 and 2.

Several snapshots of the wave functions from these ensem-
bles are shown in Fig. 1. Note that the wave functions of
sets 1 and 2 at t = 0 fm/c have different momenta of clus-
ters, although they have almost the same spatial distributions.
Consequently, the sets 1 and 2 show the different results of
the time evolution. We also note that various nuclear shapes
with different cluster configurations naturally emerge from
the EOM. In some cases, 3α particles are close to each other
and the valence neutron is apart from them. In other cases,
2α particles and the valence neutron are close to each other,
and an α particle is apart from others describing 9Be

∗ +α

like configurations. In this manner, the ensembles of the basis
wave functions were prepared without any assumption of the
spatial symmetry.

B. The calculated full spectrum

The generated wave functions are superposed to diago-
nalize the Hamiltonian. To confirm the convergence of the
calculation, Fig. 2 shows the energies and radii of the 1/21

−
and 5/21

+ states, which are the lowest negative- and positive-
parity states, as functions of the propagation time Tmax. The
energy and radius of the ground state (1/21

− state) show fast
convergence and both sets reach almost the identical values.
Thus, the obtained GCM wave functions are converged well
independent of the initial wave functions. The figure also
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FIG. 2. The energies and radii of the 1/21
− and 5/21

+ states
obtained from sets 1 and 2 as a function of the total propagation
time Tmax. The strength of the spin-orbit potential uls = 2000 MeV
was adopted. The result for the 1/21

− state obtained in Ref. [31] are
denoted by blue lines.

shows that REM yields approximately 1 MeV deeper binding
energy of the 1/21

− state than the previous study by Furutachi
et al. [31], who used the same Hamiltonian. This clearly shows
that REM can describe the 3α + n system more accurately.
It is interesting to note that REM gives the larger radius
of the ground state despite the deeper binding energy. This
means that REM yields more stretched and long-ranged wave
function. It is also noted that good convergence of the 5/21

+
state was also achieved by using the same ensembles.

The left half of Fig. 3 compares the full spectrum obtained
by REM and the negative-parity states calculated by Furutachi
et al. [31]. Because two calculations use the same Hamil-
tonian, deeper binding energy means a better description of
the bound states below the neutron threshold. Obviously, the
present calculation gives deeper energies to all the negative-
parity states below the threshold (1/21

−, 3/21
−, and 5/21

−).
It also gives deeper binding energy to the 7/21

− state located
just above the threshold, to which the bound-state approxima-
tion may be validated. Thus, REM offers a better description
of the bound states than ordinary GCM calculations.

However, the situation is different for the negative-parity
resonances above the neutron threshold to which variational
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FIG. 3. The energy spectrum of 13C calculated by using the strength of the spin-orbit potential uls = 2000 and 1000 MeV. The energy is
measured relative to the 3α + n threshold. The spectrum is compared with that obtained by Furutachi et al. [31] using the same Hamiltonian
with uls = 2000 MeV. Experimental data are taken from Ref. [49].

principle is not applicable and the bound-state approximation
does not guarantee the energy convergence. In fact, two cal-
culations disagree in the highly excited negative-parity states.
It is noted that the model space of REM is much larger than
that of the GCM by Furutachi et al. [31]. As a result, we found
that most of the negative-parity resonances are coupled with
the nonresonant continuum which makes it difficult for us to
identify resonant solutions from many other nonresonant solu-
tions. Therefore, we have not shown the negative-parity states
above the neutron threshold in Fig. 3. In contrast, although
we cannot tell the reason clearly, we found that the coupling
is not strong in the positive-parity states, and stable solutions
are obtained which are plotted as resonances in the figure.

The spectrum obtained by the spin-orbit strength uls =
2000 MeV does not reproduce the order of the ground band
spectrum. It underestimates the excitation energy of the 5/21

−
state and the spectrum deviates from the observed rotational
pattern. This may affect the assignment of the rotational
bands and the discussion of the intrinsic shape. Therefore, we
performed an additional calculation using weaker spin-orbit
strength uls = 1000 MeV to check the interaction dependence
of the spectrum. As seen in Fig. 3, the weaker spin-orbit
strength yields the correct order of the ground band member
states (1/21

−, 3/21
−, 5/21

−, and 7/21
− states), although it

still overestimates the moment of inertia of the ground band.
The side effect of the weaker spin-orbit interaction is the
overestimation of the excitation energies of the positive-parity
states. This may be due to the overestimation of the 9Be +α

threshold energy. If we measure them relative to the 9Be +α

threshold, the excitation energies of many positive-parity
states get closer to the observed values. This implies that many
positive-parity states have 9Be +α structure [29,30].

C. Band assignment and shape of intrinsic states

Figure 4 presents the band assignment determined from
the calculated E2 transition strengths listed in Table I and

compares it with those from the experiment and the ACM
calculation. The band assignment of the REM results is un-
ambiguous as the intraband E2 transitions are clearly stronger
than the interband transitions.

The Kπ = 1/2− band is built on the 1/21
− ground state.

The intraband E2 transition strengths are reasonably de-
scribed and comparable with the experimental data for the
1/21

− → 3/21
− and 1/21

− → 5/21
− transitions. Experimen-

tally, the ground band terminates at the 9/21
− state, but we

could not identify the corresponding state in our calculation.
This may be due to the high excitation energy of this state,
which causes the strong coupling with the continuum and
makes it difficult to separate this state within the bound-state
approximation.

For the positive-parity states, we have assigned four ro-
tational bands: Kπ = 5/2+, 7/2+, 1/2+, and 3/2+ which
are built on the 5/21

+, 7/22
+, 1/21

+, and 3/22
+ states, re-

spectively. Experimentally, the E2 transition strength for the
1/21

+ → 5/21
+ transition has already been measured (9.0

e2fm4) [49] and our calculation gives comparable value (6.7
e2fm4). However, no other B(E2) data are available, and the
positive-parity band assignment has not been firmly estab-
lished by the experiments.

In Ref. [38], based on ACM which assumes the 3α + n
cluster structure with triangular symmetry, the authors pro-
posed a band assignment (Fig. 4, right panel). They proposed
the Kπ = 1/2−, 5/2+, and 7/2+ bands which share the same
intrinsic structure and the Kπ = 1/2+ and 1/2− bands with
different structures. They also tentatively classified the ob-
served states into the rotational bands as shown in the middle
panel of Fig. 4. Their assignment is similar to the present REM
results in several aspects, but there are some differences as
discussed below. First, both models suggest the ground Kπ =
1/2− band and the excited Kπ = 5/2+ and 7/2+ bands, but
the REM gives much larger moment of inertia of these bands
while the observed moment of inertia looks to be in between
the REM and ACM results. Second, both models also suggest
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FIG. 4. The band assignment based on the calculated E2 transition strengths compared with that from the algebraic cluster model (ACM)
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the Kπ = 1/2+ band, but we again see the disagreement in the
moment of inertia. We will examine the structure of these four
bands in the following. Finally, the ACM proposed the excited

TABLE I. The calculated intra- and interband E2 transition
probabilities in the unit of e2fm4. The transitions larger than the
Weisskopf estimate (1 W.u. = 1.8 e2fm4) are shown. The numbers
in the parentheses are the experimental values.

Band Kπ
i → Kπ

f Ji Jf B(E2; Ji → Jf )

1/2− → 1/2− 1/21
− 3/21

− 17.4 (12.7)
5/21

− 17.1 (16.9)
3/21

− 5/21
− 2.4

7/21
− 17.8

5/21
− 7/21

− 2.0
5/2+ → 5/2+ 5/21

+ 7/21
+ 13.8

9/21
+ 10.9

7/21
+ 9/21

+ 12.0
7/2+ → 7/2+ 7/22

+ 9/23
+ 12.9

1/2+ → 1/2+ 1/21
+ 3/21

+ 16.7
5/22

+ 20.1
3/21

+ 5/22
+ 5.0

7/24
+ 7.6

5/22
+ 9/22

+ 9.9
3/2+ → 3/2+ 3/22

+ 5/23
+ 10.0

7/23
+ 8.7

5/23
+ 7/23

+ 9.8
5/2+ → 7/2+ 7/21

+ 7/22
+ 4.3

1/2+ → 5/2+ 1/21
+ 5/21

+ 6.7 (9.0)
5/22

+ 5/21
+ 3.6

7/21
+ 4.3

9/21
+ 3.3

9/22
+ 7/21

+ 2.2
1/2+ → 3/2+ 3/21

+ 7/23
+ 2.3

7/24
+ 5/23

+ 3.0
3/2+ → 5/2+ 3/22

+ 5/21
+ 2.7

Kπ = 1/2− band as a “Hoyle-like band,” which has similar
properties to the Hoyle state of 12C, but REM does not. This
difference may be due to the bound state approximation made
in the REM calculation which makes difficult to describe
weakly interacting dilute resonances like the Hoyle state.

Since the REM calculation does not assume any spatial
symmetry, it is interesting to investigate if there exists the
triangular symmetry behind these rotational spectra. In gen-
eral, the wave function of REM is a superposition of many
basis wave functions with different configurations, and hence
we need some measure to evaluate its intrinsic structure. For
this purpose, we introduce the overlap between the REM wave
function and the basis wave functions defined as

Oi =
∑
KK ′

〈

Jπ

M

∣∣PJπ
MK�i

〉
B−1

KK ′
〈
PJπ

MK ′�i

∣∣
Jπ
M

〉
, (16)

where B−1 is the inverse matrix of B which is the overlap of
projected basis wave functions,

BKK ′ = 〈
PJπ

MK�i

∣∣PJπ
MK ′�i

〉
. (17)

Note that the REM wave function 
Jπ
M is a superposition of

�i [Eq. (15)]. Therefore, if the overlap Oi is large, 
i can be
approximated by a single basis wave function �i.

The calculated overlaps are summarized in Table II. The
ground state has the maximum overlap, which is as large
as 0.83, with the basis wave function shown in Fig. 5(a).
Note that the density distribution clearly shows the triangular
configuration of 3α particles with a valence neutron where the
lengths of the triangle are 3.31, 3.30, and 3.02 fm. Further-
more, we found that all the member states of the ground band
have large overlaps no less than 0.70 with the same basis wave
function. Therefore, we consider that the ground band is rea-
sonably interpreted as the rotational band having a common
intrinsic structure with a triangular symmetry as asserted by
Bijker et al. [38]. They also argued that the Kπ = 5/2+ and
7/2+ bands have the same intrinsic structure and are classified
as the “ground band.” Indeed, we found that these bands have
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TABLE II. The calculated overlaps for each state which is de-
fined by Eq. (16). The columns denoted by O(1/2−) and O(1/2+)
show the overlap between REM wave function and the basis wave
function which is most dominant in the 1/21

− and 1/21
+ states,

respectively.

Kπ = 1/2− Kπ = 1/2+

Jπ O(1/21
−) O(1/21

+) Jπ O(1/21
−) O(1/21

+)

1/21
− 0.83 0.12 1/21

+ 0.14 0.58
3/21

− 0.83 0.16 3/21
+ 0.18 0.56

5/21
− 0.73 0.06 5/22

+ 0.25 0.56
7/21

− 0.76 0.13 7/24
+ 0.35 0.25

9/22
+ 0.35 0.45

Kπ = 5/2+ Kπ = 7/2+

Jπ O(1/21
−) O(1/21

+) Jπ O(1/21
−) O(1/21

+)

5/21
+ 0.50 0.45 7/22

+ 0.74 0.15
7/21

+ 0.54 0.42 9/23
+ 0.55 0.19

9/21
+ 0.58 0.43

Kπ = 3/2+

Jπ O(1/21
−) O(1/21

+)

3/22
+ 0.45 0.40

5/23
+ 0.46 0.26

7/23
+ 0.35 0.28

nonsmall overlap with the same basis wave function shown in
Fig. 5(a). However, our results show a deviation from a rigid
shape. The magnitudes of the overlaps between these bands
and the basis wave function shown in Fig. 5(a) are reduced
less than 0.60 except for the 7/22

+ state. Furthermore, these
bands have nonsmall overlaps with other configurations. For

FIG. 5. (a) Density distribution of the basis wave functions
which have the maximum overlap with the 1/21

− state. (b) Same
as panel (a) but for the 1/21

+ state. Contours show the density of 3α

particles and color plots show the density distribution of the valence
neutron wave function.

example, the Kπ = 5/2+ band has large overlap with the
dominant basis wave function of the 1/21

+ state, which is
discussed below. Thus, the Kπ = 5/2+ and 7/2+ bands look
similar to the Kπ = 1/2− band, but the deviation from the
rigid shape is not small.

In Ref. [38], the Kπ = 1/2+ band was assigned as a ro-
tational band which also has a triangular arrangement of 3α

particles but has the valence neutron in a different single-
particle orbit. In the present calculation, we also found that the
bandhead state (1/21

+ state) has the maximum overlap with
a different basis wave function whose density distribution is
shown in Fig. 5(b), but has small overlap with the dominant
configuration of the ground band [Fig. 5(a)]. Apparently, the
position of the wave packets of the valence neutron is different
from that of the 1/21

+ state, and α particles deviate from equi-
lateral triangular arrangement as the lengths of the triangle are
3.55, 3.51, and 2.67 fm. This confirms that the Kπ = 1/2+
band has a different intrinsic structure. However, we again
note that the magnitude of the maximum overlap is not as
large as that of the ground band, and the member states of
this band show the increasing mixture of other contributions
as the excitation energy and angular momentum increase. In
particular, the 7/24

+ state has rather small overlap with the
intrinsic state of its bandhead (1/21

+ state) despite the strong
E2 transition to another band member state (3/21

+). This indi-
cates that the structure of the Kπ = 1/2+ band is not as simple
as a rigid rotor. Finally, we also found the strongest admixture
of the various configurations in the Kπ = 3/2+ band, which
is a candidate of the band proposed in Refs. [29,38]. This may
be due to the highest high excitation energy of this band.

We note that the use of the stronger spin-orbit interaction
(uls = 2000 MeV) strength does not change most of the anal-
ysis discussed above. The only change caused by stronger
spin-orbit interaction is the nature of the Kπ = 1/2+ band.
As seen in Fig. 3, the 1/21

+ state is more deeply bound by
the stronger spin-orbit interaction, and hence, it tends to have
more compact structure. Consequently, the overlaps O(1/21

+)
of the Kπ = 1/2− and 7/2+ bands become larger. For exam-
ple, the overlap between the 1/21

− (7/22
+) state and 1/21

+
state increases to 0.57 (0.56). This indicates the Kπ = 1/2+
band structure approaches rigid body due to deeper binding.

In short, the REM calculation confirmed that the ground
band can be interpreted as a rigid-body rotational band which
manifests the triangular symmetry. It also shows that ACM
explains the general trend of the excited bands. However, we
found that all the excited bands have nonsmall admixture with
other configurations and deviate from the rigid-body interpre-
tation. One of the signature of this mixing is the nonsmall E2
transitions between the bands with different intrinsic struc-
tures. Therefore, the experimental data for these transitions
will provide us an important insight into the cluster structure
of 13C.

IV. SUMMARY

In summary, we have investigated the structure of the 3α +
n system by extending the REM framework. As a benchmark
calculation for the 3α + n system, REM well reproduced the
ground and excited energies where we followed the same

054313-6



SHAPE OF 13C STUDIED BY THE REAL-TIME … PHYSICAL REVIEW C 103, 054313 (2021)

Hamiltonian of the previous study as a comparison. It was
also demonstrated that REM accurately describes the wave
functions which yields to the deeper binding energies.

We have also discussed the rotational band assignment and
investigated if they manifest the triangular symmetry. The
proposed band assignment qualitatively explains the observed
data, although the order of several bands disagrees and the
Kπ = 1/2− band is missing in the present result. From the
analysis of the overlap with the basis wave functions, it was
found that the ground band can be regarded as a rigid-body
rotational band which manifests the triangular symmetry. We
also have seen that the D′

3h symmetry approximately explains
the general nature of the excited bands. However, all the
excited bands have nonsmall admixture with other configu-
rations without symmetry and deviate from the rigid-body

interpretation because of their high excitation energies and
angular momenta. The nonsmall E2 transitions between dif-
ferent bands are a signature of the configuration mixing, and
we expect that the experimental data for these transitions will
provide us with important information about the underlying
symmetry behind the observed spectrum.
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