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The ground-state properties of even–even nuclei from Z = 10 to Z = 20 are systematically
studied in covariant density functional theory with the point-coupling interaction PC-PK1. The
triaxiality effect on nuclear binding energy, including the mean-field part and rotational correc-
tion energy, is examined. We find that 38Si, 46S, and 48S exhibit considerable triaxial deformation.
The results indicate that the static effect from the triaxial deformation degree of freedom on the
mean-field part of the nuclear binding energy in the present nuclei is marginal; however, it has
a significant effect on the rotational correction energy. Moreover, we show that the root-mean-
square deviation in binding energies for the 41 nuclei from Ne to Ar is reduced from 2.22 MeV to
1.60 MeV and the evolution trend of the N = 20 shell gap is better reproduced after considering
phenomenological collective correction.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Subject Index D04, D11, D12

1. Introduction

In recent years, the radioactive ion beam (RIB) has provided the possibility of studying the structural
properties of nuclei far from stability. The neutron-rich nuclei in the light-mass region are of partic-
ular interest. Many novel phenomena have been observed, such as halo phenomena [1], the island
of inversion [2], neutron skins [3], new magic number [4], and the decoupling structure of the halo
from the “core” nucleus [5].

On the theoretical side, various methods have been applied to study the structure of nuclei in the
light-mass region. Density functional theory (DFT) is the only tractable microscopic theory that
can be applied for large-scale nuclear structure calculations across the entire table of nuclides with
a universal energy density functional (EDF) [6–8]. Within this framework, the covariant density
functional theory (CDFT), based on an effective relativistic Lagrangian, has achieved great success in
the description of ground-state properties of both spherical and deformed nuclei all over the nuclear
chart [6,9–13].

In the past decades, the relativistic mean-field (RMF) implementation of the CDFT framework
has been applied to systematic investigations of light nuclei by allowing the nuclei to be axially
deformed [14–17]. However, the influence of the triaxiality effect has not been examined. A specific
combination of single-particle orbitals near the Fermi surface and the additional binding energy from
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nonaxial degrees of freedom can enhance the tendency to form nuclei with triaxial shapes. Several
islands of triaxiality have been revealed throughout the nuclear chart [18]. The inclusion of triaxiality
can dramatically reduce the barrier separating prolate and oblate minima, leading to structures that
are soft or unstable for triaxial distortions [19]. Furthermore, the occurrence of triaxiality can give
rise to many very interesting modes of collective motion. The RMF approach with triaxiality was
firstly developed by Koepf and Ring [20]. Later on, Hirata et al. carried out a systematic calculation
of S isotopes and found γ -soft or triaxial deformation in some nuclei [21]. Subsequently, some sys-
tematic studies of triaxial deformation in the RMF approach have been performed in different mass
regions [22–24]. In particular, Yao et al. recently performed a beyond-RMF study of Mg isotopes,
and found that the triaxiality effect on the low-lying states is marginal for most Mg isotopes, except
for 26Mg [25].

In recent years, the CDFT with a point-coupling effective Lagrangian has attracted a lot of atten-
tion. In this framework, a new parametrization, PC-PK1, was proposed [26], which provides a good
description of the isospin dependence of binding energy along either the isotopic or the isotonic chain.
In particularly, after taking into account the rotational correction energy in the cranking approxima-
tion, PC-PK1 achieves the same quality as DD-PC1, which is adjusted to the binding energies of
64 well deformed nuclei, in the description of deformed nuclei, including both the binding energy
and deformation. Recently, after including the collective corrections on top of axially deformed RMF
calculations using the PC-PK1 force, the root-mean-square (rms) deviation for the masses of 575
even–even nuclei ranging from Z = 8 to Z = 108 was reduced from 2.58 MeV to 1.24 MeV [27].
The remaining deviation is mainly contributed from the light nuclei. For nuclei with proton numbers
8 < Z < 20, the rms deviation in mass turns out to be 2.18 MeV. Therefore, the nuclei in this mass
region require further dedicated investigation. It is natural to ask the question of how large the effect
of triaxial deformation is in the binding energies of light nuclei.

The aim of this work is to examine the triaxiality effect in the ground-state properties of even–even
nuclei with proton numbers from Z = 10 to Z = 20. To this end, we carry out a systematic study
with a triaxial RMF approach using the PC-PK1 force. The deformation energy surface, quadrupole
and triaxial deformation parameters, and binding energies will be presented. The effects of triaxiality
and collective correction on nuclear binding energy and the N = 20 shell gap will be discussed.

2. Theoretical framework

In the point-coupling type of CDFT, the energy density functional for a nuclear system has the
following form [26,28,29]:

EDF =
∫

d3rE(r) (1)

with the energy density

E(r) =
∑

k
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Here, m is the nucleon mass, and αS , αV , αTV, βS , γS , γV , δS , δV , and δTV are coupling constants.
Moreover, Aμ is the four-vector potential for the electromagnetic field and ρi (i = S, V,TS,TV) rep-
resents various local densities. The subscripts S, V , and T indicate the symmetries of the couplings,
i.e., S stands for scalar, V for vector, T for isovector, respectively.

For open-shell nuclei, pairing correlations are taken into account using the Bardeen-Cooper-
Schrieffer (BCS) method with a density-independent δ force and the pairing energy has the following
form:

Epair = −
∑
τ=n,p

Vτ
4

∫
d3rκ∗

τ (r)κτ (r), (3)

where Vτ is the constant pairing strength, adjusted by fitting the average single-particle pairing gap.
The pairing tensor reads

κ(r) = −2
∑
k>0

fkukvk |ψk(r)|2, (4)

with the smooth-cutoff weight factor fk [30,31]. In addition, v2
k stands for the occupation probability

of the kth single-particle state.
We note here that the BCS method can provide results for most nuclei very close to those of the

Hartree–(Fock)–Bogoliubov (HFB) approach [32,33], except for the drip-line nuclei with halo struc-
ture. Considering that the main purpose of the present study is to examine the triaxiality effect on
binding energies of nuclei with available data, instead of predicting the nucleon drip-line, which
has been studied very recently with the relativistic (continuum) Hartree–Bogoliubov approach in
Refs. [34,35], and is beyond the scope of the present study, the BCS method provides an economic
way to take into account the pairing correlation and is thus adopted in the present study.

Because of the breaking of translational symmetry by the mean-field approximation, the energy
from the center-of-mass (c.m.) correction is evaluated as follows [31,36]:

Ec.m. = − 1

2m A

〈
P̂

2
c.m.

〉
, (5)

where A is the mass number and P̂c.m. =
∑A

i p̂i is the total momentum in the c.m. frame.
Finally, the total energy for the nuclear system becomes

Etot = EDF + Epair + Ec.m.. (6)

The potential energy surface (PES) in the plane of deformation variables (β, γ ) is obtained by
adding a quadratic constraint on the mass quadrupole moments to the total energy during the
variation [37], ∑

μ=0,2

C2μ(〈Q̂2μ〉 − q2μ)
2, (7)

where C2μ is an arbitrary stiffness constant and q2μ is the desired value of the quadrupole moments.
〈Q̂2μ〉 is the expectation value of the mass quadrupole operator,

Q̂20 = 2z2 − x2 − y2, (8)

Q̂22 = x2 − y2. (9)

The triaxial deformation parameters β and γ are related to the values of 〈Q̂20〉 and 〈Q̂22〉 by

〈Q̂20〉 = 3A

4π
R2

0β cos γ, (10)

〈Q̂22〉 = 3A

4π
R2

0
1√
2
β sin γ, (11)

where R0 = 1.2A1/3 fm.
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3. Results and discussion

There are no parameters in our study other than those in the EDF (2), for which the relativistic point-
coupling parametrization PC-PK1 [26] is used throughout this work. The pairing strengths have been
adjusted by fitting the average single-particle pairing gap to the empirical neutron pairing gaps for
122Sn, 124Sn, and 200Pb as well as the proton ones for 92Mo, 136Xe, and 144Sm obtained with the
five-point formula in Ref. [26]. The solution of the Dirac equation for nucleons is accomplished by
an expansion of the Dirac spinors in a set of 3D harmonic oscillator basis functions in Cartesian
coordinates with 10 major shells, which are found to obtain reasonably converged results for the
nuclei concerned. More details about the calculations can be found in Ref. [38]. To find out the
actual mean-field ground state, we carry out the constraint calculations with varying deformation
parameters (β, γ ), β ∈ [0.0, 0.6] and γ ∈ [0◦, 60◦] with step size�β = 0.05 and�γ = 5◦, to obtain
the energy surface. After that, we solve the Dirac equation iteratively without constraint starting from
the configuration of the lowest energy obtained in the constraint calculation until self-consistent
convergence is achieved.

3.1. Potential energy surfaces and deformation parameters

As an example, we plot the potential energy surfaces of the even–even 26–56S isotopes in the β–γ
plane from the constrained RMF+BCS calculation in Fig. 1. It provides a clear picture for the ground-
state evolution in the β–γ plane from 26S to 56S. The most neutron-deficient nucleus 26S is spherical,
but somewhat soft, while 28S is very soft along the β direction in the region with 0 < β < 0.4. With
the increase of neutron number up to N = 20, the nucleus gradually becomes spherical. As the neu-
tron number increases further, the nucleus becomes prolate deformed with quadrupole deformation
β = 0.25. A prolate-deformed ground state with γ -soft is observed in 44S with traditional neutron
magic number N = 28, which has been discussed in detail in Ref. [39]. A triaxial minimum with
γ � 30◦ is exhibited in 46,48S. However, this triaxial minimum is also soft along the γ direction. The
nucleus becomes gradually spherical again when the neutron number increases further up to N = 40.
In Ref. [21], the energy surfaces in 42,44,46,48,50,52,54,56S have been given by the triaxial RMF calcu-
lation using the TM1 force [40] and the corresponding shape evolution has been studied. However,
there are some differences in detail. For instance, the TM1 force predicted 42S to have two competing
prolate and oblate minima, which are separated by a barrier along the γ direction, instead of a single
prolate-deformed minimum by the PC-PK1 force. For 50S, the TM1 force gave a deformed ground
state with β = 0.25 and γ being extremely flat, instead of the spherical minimum by the PC-PK1
force. We note that 46,48S are predicted to be triaxially deformed by both forces.

Figure 2 displays the deformation parameters β and γ corresponding to the minima of the energy
surfaces for the nuclei concerned. The upper panel shows that the β value is zero for the nuclei
with neutron magic numbers N = 8 and N = 20, but nonzero for N = 28. The N = 28 isotopes
with Z < 20 exhibit deformed ground states, which was noticed many years ago [6] and has been
discussed in detail recently with a 5D collective Hamiltonian on top of the CDFT in Ref. [39].
In addition, β < 0.3 is found for most nuclei, with the exception of some Ne and Mg isotopes,
i.e., 20,22,32,34Ne and 22,24,34,36,38,40Mg, which have large quadrupole deformation (β > 0.4). In
Ref. [41], a global study of nuclear ground-state properties has been performed with the HFB
approach using the Gogny D1S force. We note that our results show some similarities with the Gogny-
HFB calculated results. Specifically, the N = 8 and N = 20 isotones are predicted to be spherical in
both calculations. For the N = 28 isotones, the deformation β of 42Si and 44S is considerable, while

4/12

 by guest on N
ovem

ber 20, 2014
http://ptep.oxfordjournals.org/

D
ow

nloaded from
 

http://ptep.oxfordjournals.org/


PTEP 2014, 113D03 Y. Wang et al.

Fig. 1. Potential energy surfaces of even–even 26–56S isotopes in the β–γ plane from the triaxial RMF cal-
culation with the PC-PK1 force. All energies are normalized with respect to the global minimum. The energy
difference between neighboring contour lines is 0.4 MeV.

β of 46Ar is zero. Moreover, β < 0.3 is also found for most nuclei in the Gogny-HFB calculations,
except 20,22,34Ne and 22,24,34,36Mg, which were predicted to have large quadrupole deformation
(β > 0.4).

The lower panel of Fig. 2 shows that the Ne, Mg, and S isotopes are mostly prolate deformed,
while the Si and Ar isotopes are in most cases oblate deformed. Some Si and S isotopes exhibit
rapid shape transition and even the coexistence of prolate, oblate, and triaxial deformations. In total,
there are 8 nuclei with triaxial deformation, among which 38Si, 46S, and 48S exhibit considerable
triaxial deformation. However, the triaxial effect has an evident effect only on 48S, increasing the
deformation parameter β from 0.2 to 0.25 and the binding energy by 0.15 MeV. For the other two
nuclei, the triaxial effect is negligible for nuclear binding energy. The rms deviations of binding
energies for the 41 nuclei ranging from Ne to Ar turn out to be 2.22 MeV irrespective of whether the
triaxiality is taken into account or not at the mean-field level. This indicates that the static effect from

5/12

 by guest on N
ovem

ber 20, 2014
http://ptep.oxfordjournals.org/

D
ow

nloaded from
 

http://ptep.oxfordjournals.org/


PTEP 2014, 113D03 Y. Wang et al.

(a)

(b)

Fig. 2. The quadrupole deformation parameters β (a) and γ (b) for the ground states of nuclei with proton
numbers 10 ≤ Z ≤ 18 from the triaxial RMF calculations with the PC-PK1 force. The sizes of β and γ are
indicated with numbers.

the triaxial deformation degree of freedom is marginal for the light nuclei in present relativistic mean-
field calculations. In the Gogny-HFB calculations [41], there are 10 nuclei with triaxial deformation
on the whole, among which 7 nuclei have small quadrupole deformation (β < 0.05) or small triaxial
deformation (γ < 5◦ or 55◦ < γ < 60◦). The corresponding deformation parameters (β, γ ) for the
remaining 3 nuclei 24Ne, 24Si, and 44Ar are (0.22, 52◦), (0.23, 47◦), and (0.08, 11◦), respectively.

It should be noted that experimental information, such as the precise mass measurements [42]
and/or the observations of low-lying first excited states with large B(E2) transition probabilities (see,
e.g., Ref. [43] and references therein), shows that the neutron magic number N = 20 in the neutron-
rich nuclei is broken (or quenched) and it is related to the appearance of a deformed ground state.
For example, the quadrupole deformation of 32Mg extracted from experimental B(E2 : 0+ → 2+)
can be as large as β � 0.5. This region around N = 20 is sometimes also referred to as the “island
of inversion” [2]. However, it is well known that mean-field theories, including the RMF calcu-
lations [14,17,44] and non-relativistic Hartree–Fock–Bogoliubov calculations [41,45], cannot give
large deformations for neutron-rich nuclei with N = 20, such as 30Ne and 32Mg. The understanding
of this exotic phenomenon requires beyond-mean-field studies, which are beyond the scope of the
present study.

3.2. Effects of rotational correction energy

For deformed nuclei, the rotational symmetry is broken in the mean-field solution. In this case, the
correction from the restoration of rotational symmetry has to be taken into account. Since the exact
angular momentum projection (AMP) calculation is time-consuming, one can evaluate the rotational
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correction energy (RCE) with triaxial deformation in the following simple way [37]:

E rot = 1

2

[
〈 Ĵ 2

x 〉
Ix

+ 〈 Ĵ 2
y 〉

Iy
+ 〈 Ĵ 2

z 〉
Iz

]
, (12)

where Ĵx(y,z) is the angular momentum operator. Ix(y,z) could be either the Thouless–Valatin moment
of inertia derived from time-dependent mean-field approaches or the Peierls–Yoccoz moment of
inertia derived from projection after variation methods. For the sake of simplicity, people usually cal-
culate Ix(y,z) using the Inglis–Belyaev formula [46,47], which is equivalent to the Thouless–Valatin
moment of inertia in the case without residual interaction [48]. This prescription has been adopted
extensively in the mass formulae [49–51]. However, the Inglis–Belyaev formula is well known to
underestimate the moment of inertia by about 30% and is not suitable for nuclei close to spherical
shape. In addition, it has been shown in Refs. [52,53] that the rotational correction energy calculated
by Eq. (12) deviates significantly from the exact angular momentum projection results for deformed
nuclei, and even becomes very large for some weakly deformed nuclei. In view of these facts, the phe-
nomenological collective correction is adopted, i.e., one usually introduces a deformation-dependent
quenching factor to cure this problem [49–51],

Ecorr = E rot · b tanh(c|β|), (13)

with β the calculated quadrupole deformation. Here, the parameters b, c are fitted to the discrep-
ancy between the experimental binding-energy data and the mean-field values. They are found to
be close to the corresponding parameters b = 0.80 and c = 10 in Ref. [51], which are also used
in Ref. [27]. Therefore, these values will be adopted in the following calculations. In Ref. [27], an
additional term representing the deformation dependence of the vibrational correction is adopted
for the corrections and the dynamical correlation energy is called for, including both rotational and
vibrational corrections. Based on the Generator Coordinate Method calculation, the collective cor-
rection energy is dominated by the rotational part [25,54]. Therefore, for the sake of simplicity, the
vibrational contribution is not included in this work.

As the three nuclei 38Si, 46S, and 48S have considerable triaxial deformation, to demonstrate the
triaxial deformation effects, Fig. 3 displays their rotational correction energies in the β–γ plane cal-
culated by Eq. (12) with triaxial RMF wavefunctions. It is easy to see that, for these three nuclei,
the rotational correction energies increase with β in the area with considerable γ . In the area with γ
close to 0◦ or 60◦, the rotational correction energies become more sensitive to γ , and show a drastic
decrease. Taking 38Si as an example, the ground-state rotational correction energies are 3.83 MeV

Fig. 3. The rotational correction energies of 38Si, 46S, and 48S in the β–γ plane calculated by Eq. (12) with
triaxial RMF wavefunctions. The contours join points on the surface with the same energy. The difference
between neighboring contours is 0.4 MeV.
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(β = 0.25, γ = 24◦) and 1.95 MeV (β = 0.3, γ = 0◦), respectively with and without considering
the triaxial deformation freedom. Thus, for 38Si, the ground-state rotational correction energies
will be increased by about 1.9 MeV, with considering the triaxial deformation freedom, while the
corresponding values will be 0.8 and 0.2 MeV, respectively, for 46S and 48S.

To clearly illustrate the effect of the triaxial deformation degree of freedom on rotational cor-
rection energies, taking 38Si as an example, the three components (i = x, y, z) for the expectation
of the square of angular momentum 〈 Ĵ 2

i 〉, moment of inertia Ii , and rotational correction energies
〈 Ĵ 2

i 〉/Ii in the β–γ plane are given in Fig. 4. It is easy to see that 〈 Ĵ 2
x 〉 increases remarkably with the

quadrupole deformation, while 〈 Ĵ 2
y 〉 and 〈 Ĵ 2

z 〉 strongly depend on the triaxial deformation. More-

over, 〈 Ĵ 2
y 〉 decreases to zero when γ is approaching 60◦, and 〈 Ĵ 2

z 〉 decreases to zero when γ is
approaching 0◦. For the moment of inertia, Ix depends more on β with relatively small quadrupole
deformation, and it becomes sensitive to γ in the area with relatively large β. In addition, both Iy

and Iz are very sensitive to γ , and they show almost the same trend as 〈 Ĵ 2
y 〉 and 〈 Ĵ 2

z 〉, respectively,

in the β–γ plane. For the above reasons, 〈 Ĵ 2
x 〉/Ix is sensitive to both β and γ , while 〈 Ĵ 2

y 〉/Iy and

〈 Ĵ 2
z 〉/Iz are more sensitive to γ . Finally, it is easy to understand from Fig. 4 that triaxiality plays

a decisive role in the increase of the rotational correction energies in 38Si with ground state from
β = 0.3, γ = 0◦ to β = 0.25, γ = 24◦. In short, only two terms in Eq. (12) are nonzero in the axial
case (γ = 0◦ or γ = 60◦), while all three terms are nonzero in the triaxial case. In general, although
the triaxial deformation degree of freedom has a tiny effect on the energies of the mean-field ground

Ix Iy Iz

Fig. 4. Three components (i = x, y, z) for the expectation of the square of angular momentum 〈 Ĵ 2
i 〉, moment

of inertia Ii , and rotational correction energies 〈 Ĵ 2
i 〉/Ii of 38Si in the β–γ plane, calculated with triaxial RMF

wavefunctions.
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Fig. 5. Difference between calculated binding energies with the data [42] for even–even nuclei with proton
numbers 10 ≤ Z ≤ 20. The panels (a) and (b) represent the results with and without the phenomenological
collective corrections calculated by Eq. (13), respectively.

state, it could appreciably increase the rotational correction energies, which is consistent with the
observation in the exact AMP for triaxial states that the AMP has the tendency to lower the triaxial
states [25,38,56].

Figure 5 displays the discrepancy of the calculated binding energies by PC-PK1 with the data for
Ne, Mg, Si, S, Ar, and Ca isotopes. The upper and lower panels represent the results with and without
the phenomenological collective corrections by Eq. (13), respectively. It is shown that most nuclei
with N < 20 are underestimated by the pure mean-field calculations. Typical examples are 20Ne and
24Mg. This phenomenon has also been noticed in the previous RMF calculations [14,38]. After tak-
ing into account the energy corrections, the discrepancies in these nuclei are reduced significantly.
The rms deviation in binding energies for the 41(50) nuclei ranging from Ne to Ar(Ca) is reduced
from 2.22(2.02) MeV to 1.60(1.47) MeV. The remaining deviation is mainly contributed by the over-
bound nuclei 28,30Ne, 32Mg, and 34Si; this requires further investigation. It should be noted that, after
including the energy corrections, the rms deviation for 41 nuclei is almost the same irrespective of
whether the triaxial deformation is taken into account or not, although the triaxiality has a signifi-
cant effect on rotational correction energy. This is because the dynamic triaxial effect does indeed
improve the description of binding energy for some nuclei, but also overestimates the binding energy
of others. In addition, the main discrepancy between the present results and the previous results in
Ref. [27] could be due to the consideration of the deformation dependence of vibrational correction
in Ref. [27], as the effect of triaxial deformation is tiny and the same parameters of deformation
dependence of rotational correction are adopted.

The differential of two-nucleon separation energies provides information on the neutron shell gap,
which is given by [6,44]

δS2n(Z , N ) = 2B(Z , N )− B(Z , N − 2)− B(Z , N + 2), (14)

where B(Z , N ) is the binding energy of nuclei with proton and neutron numbers Z and N respec-
tively. Figure 6 displays the N = 20 shell gap obtained from the triaxial RMF calculations with and
without the phenomenological collective corrections, in comparison with the results with restriction
to spherical symmetry as well as the corresponding data. Compared with the spherical RMF calcu-
lation, the triaxially deformed RMF results are in better agreement with the data. In other words,
deformation has a significant effect on the shell gap, as also discussed based on non-relativistic cal-
culations in Ref. [55]. Except for Z = 14 and Z = 20, the shell gap has been reduced by 1–2 MeV.
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S
n

Fig. 6. The neutron shell gap at N = 20 from the triaxial RMF calculations using PC-PK1 without and with
the phenomenological collective corrections by Eq. (13), in comparison with the spherical RMF calculations
(sph.) and the corresponding data [42]. The open circle represents the data from extrapolation.

However, the pure mean-field results are still much larger than the data, in agreement with the RMF
results using a meson-exchange force in Ref. [44]. Moreover, the data show that the size of the
N = 20 shell gap is reduced significantly from about 9 MeV at the double-magic nucleus 40Ca to
about 2.2 MeV at 30Ne, which has been well reproduced by the calculations with the collective cor-
rection energies. In short, both the deformation effect and phenomenological collective correction
effect are very important to reproduce the neutron shell gap at N = 20. It should be noted that, as the
N = 18, 20, and 22 nuclei have no triaxial deformation in the ground state, the deformation effect
on the N = 20 shell gap is due to the quadrupole deformation.

4. Summary

In summary, we have carried out a systematic study of the ground states in even–even nuclei with
10 ≤ Z ≤ 20 within the covariant density functional theory using the point-coupling force PC-PK1.
The static effect of the triaxial deformation degree of freedom has been examined. We have found
that 38Si, 46S, and 48S exhibit considerable triaxial deformation, which is consistent with the previous
triaxial RMF studies. The results indicate that the static effect from the triaxial deformation degree
of freedom on the mean-field part of the nuclear binding energy in the present nuclei is marginal;
however, it has a significant effect on the rotational correction energies. It is found that the rms
deviation in binding energies for the 41 nuclei ranging from Ne to Ca is reduced from 2.22 MeV
to 1.60 MeV and the evolution trend of the N = 20 shell gap is better reproduced after taking into
account the phenomenological collective correction energies. In the future, a systematic study of
the ground states of light nuclei at the beyond-mean-field level implemented with exact angular
momentum projection [25,56] is required to confirm our findings. Apart from the light nuclei, the
effect of triaxiality on medium and heavy nuclei should be investigated.
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