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Abstract. The properties of three pairs of mirror nuclei **N-**C, **N-*0 and ?'Na-?’Ne (these mirror
nuclei are all made of a good inert core plus an unpaired valence nucleon) are investigated by using the
nonlinear relativistic mean-field (RMF) theory. It is found that the calculated binding energies with two
different parameter sets are very close to the experimental ones for both the ground states and the excited
states except for the large deformed nuclei. The calculations show that the 2s;/, excited states of 15N and
of 2’ Na are both weakly bound with a proton halo and a proton skin (or a pigmy proton skin), respectively.
In addition, the 1ds, excited state of 13 and the 2512 excited state of 150 are also weakly bound with a
neutron skin, respectively. The ratio of the valence nucleon radius to matter radius is deduced and it can
be regarded as an additional criterion for the existence of exotic structure. The unbound 2s,/, and 1ds /2
excited states of N are also discussed.

PACS. 21.10.Gv Mass and neutron distributions — 21.60.Jz Hartree-Fock and random-phase approxima-

tions — 21.10.Dr Binding energies and masses — 27.20.4+n 6 < A <19

1 Introduction

The nuclei far from the (-stability line have been stud-
ied widely and exotic structures (halos or skins) in the
ground states were found in many of them [1-26]. How-
ever, studies on the halo in the excited states of nuclei
near the (J-stability line are relatively scarce. Morlock et
al. were the first to shed light on the existence of proton
halo in the excited state of stable nuclei [27]. They ob-
served that in a proton capture reaction at low energies,
i.e., %0 (p, 7) I"F, the low-energy S-factor is dominated
by a transition to the first excited state (2s1/5) in '7F.
They found that the S-factor increases strongly with de-
creasing incident energies and this indicates the existence
of a proton halo in the 2s;/, excited state of I"F. Ren et
al. investigated '"F using the nonlinear relativistic mean-
field (RMF) theory and arrived the same conclusion [28].
Liu et al. and Lin et al. showed the existence of a neutron
halo in the excited states of nuclei 2B and '3C [29,30].
They extracted the root-mean-square (RMS) radii of the
last neutron in different states of nuclei by a transfer reac-
tion and indicated that the second and the third excited
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states in 1?B and the first excited state in 3C are neutron
halo states, whereas the third excited state in 3C is a
neutron skin state. Ren et al. calculated the nucleon den-
sity distributions for the excited states of 13C, 12B, 16N
and 17O with RMF and gave the theoretical proof for the
halo [31]. Moreover, K. Arai et al. investigated the more
complicated halos in the second excited state of 5Li with
a fully microscopic three-cluster model and predicted that
611 has a conspicuous halo-like structure formed by a neu-
tron and a proton surrounding the « core, i.e., deuterium
halos [32]. Li et al. measured the angular distributions
of the exchange reaction 'H (°He, °Li) n in the reverse
kinematics with a secondary ®He beam at the energy of
4.17MeV /u and provided experimental evidence of deu-
terium halos in the second excited state of Li [33]. Study
of halo or skin structures in the excited states is of great
interest and it does not require a big facility for the pro-
duction of radioactive beams.

Since the RMF theory has been applied with consid-
erable success to the quantitative description of nuclear
properties in the ground states and to the prediction for
the halo in the excited states [2,5,11,28,31,34-40], it is
also interesting to give a theoretical prediction for halo or
skin in the excited states of other nuclei with the RMF
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model. In this paper, we investigate whether there exists
a halo or a skin in some excited states of 13N-13C, ’N-150
and ?'Na-2'Ne by using the frame of the nonlinear RMF
model.

This paper is organized as follows. In sect. 2, we give a
brief description of the RMF theory. The calculations and
the results are presented in sect. 3. In sect. 4 we give a
discussion of the results. Section 5 contains the conclusion.

2 The RMF theory

We make a very brief description of the RMF theory (de-
tails can be found in refs. [2,5,11,34,34-40]). We start
from the local Lagrangian density for interacting nucle-
ons, o-, w-, and p-mesons and photons, which are used to
obtain the RMF equations:
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where o, w, and pj; denote the meson fields and their
masses are given by mg, m, and m,, respectively. The
nucleon fields and rest masses are denoted by ¥ and M,
respectively. A is the photon field which is responsible
for the electromagnetic interaction. The effective coupling
constants between mesons and nucleons are g,, g, and
g, respectively. The coupling constants of the nonlinear
o terms are called g, and g3. 7* represents the isospin
Pauli matrices and 73 is the third component of 7¢. Under
the mean-field approximation, the meson fields are con-
sidered as classical fields and they are replaced by their
expectation values in vacuum. Using procedures similar to
those of refs. [2,5,35,37], we obtain a set of coupled equa-
tions for mesons, nucleons, and photons. They are solved
consistently in coordinate space by iteration. There are
many well-tested nonlinear RMF parameter sets, two sets
of which, NL3 [41] and NLZ [7], are chosen for numerical
calculations in this work. They are two typical forces in the
RMF model and it is expected that other forces will lead
to very similar results. For both parameter sets, we use the
term 0.75 x 41A'/3 to evaluate the correction of the addi-
tional energy due to the motion of the center of mass [9].

3 Calculations and results

The experimental study performed by Liu et al. indi-
cated that a neutron halo and a neutron skin can form

in the 2s; /5 and in the 1ds 5 excited states of '*C, respec-
tively [29]. Theoretical study on the 2s; /5 of '3C has been
done too [31]; but there is no relevant theoretical RMF
study either on the 1ds 5 excited state of 1*C or on the ex-
cited states of 13N, of 1°N-1°0 and of 2! Na-?!Ne, so we give
the corresponding theoretical prediction for them here.

The three pairs of mirror nuclei *N-13C, 1°N-150 and
2INa-2'Ne have two similar characters. Firstly, all of them
are stable and proton or neutron excess is relatively small,
thus a halo or a skin can hardly exist in their ground
states; secondly, these nuclei are composed of a good inert
core plus an unpaired valence nucleon, which is relatively
easily excited. Both experiments and model calculations
show that the two excited states, 2s,/5 and 1ds,3 in the
odd-A nuclei of A = 13, 15 are predominant single-particle
levels relative to the core states [42]. Hence, we restrict our
attention only to the 2s;,, and the 1ds,, excited states
of BN-13C and 'N-150 in the present article and the
other excited states will not be considered. For the heavier
mirror nuclei 2'Na-2'Ne, just the 2512 excited state is
calculated.

The three couples of mirror nuclei are calculated in
the frame of the spherical RMF code. The core nuclei 2C
(the common core nucleus of 1¥N and 13C), 14C (the core
nucleus of 1°N) and 1O (the core nucleus of 1°0) were cal-
culated using the deformed RMF model and it was found
that their deformations are very small. The heavier in-
ert core (?°Ne) of 2!Na-2'Ne may be largely deformed [9].
However it is believed that the spherical model can be
used to describe the properties of deformed nuclei as an
approximation. It is well known that 1°Be (the core nu-
cleus of '!'Be) is largely deformed, however Tanihata et
al. still calculated ''Be by using the spherical-shell model
and obtained a satisfactory approximation [43].

We select !N as an example to explain the details
of the calculations. First, we calculate binding energy,
single-particle levels, RMS radii of proton and neutron
density distributions for the ground state of the core nu-
cleus (}*C). Then we calculate the properties of the ground
state of N by assuming that the last proton occupies
the 1p;/, state. Finally the properties of the first or of
the second excited states are obtained by assuming that
the last proton occupies the 1ds/ or 2s;,5 state. Every
step is a self-consistent RMF calculation. The total bind-
ing energy, separation energy, single-particle energy, radii,
and wave function of each nucleon are obtained and root-
mean-square radius of the last neutron can be calculated
by its wave function.

The calculated results for ®N-150 obtained with pa-
rameter sets NL3 and NLZ are summarized in tables 1
and 2, respectively. The results for 2'!Na-2!Ne and 3N-13C
with NL3 are listed in tables 3 and 4, respectively, and
those with NLZ are omitted, since NLZ will give almost
the same results as those of NL3. In all the tables, nL ;(Lp)
denotes the quantum number of the state occupied by
the last nucleon. Beyp [44-46] and B represent experi-
mental and theoretical binding energies, respectively. The
root-mean-square (RMS) radii of matter, proton, neutron,
and the last nucleon density distributions are denoted by
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Table 1. The RMF results for '*N-'50 obtained with NL3 The states with the symbols “GS”, “ES1” and “ES2” denote the
ground states, the first and the second excited states, respectively. The units of binding energies and of single-particle energies
are in MeV and those of various RMS radii and of the corresponding differences between proton RMS radii and neutron ones
are in fm. Other details can be found in text.

15N 150
nLy(Lp) 1p1/2cs 251/2E52 1d5/2ESI 1p1/2cs 281/21251 1d5/2E5‘2
Bexp. 115.49 | 110.19 110.22 | 111.96 | 106.78 106.72
B 115.16 | 108.19 111.87 | 111.79 | 104.80 104.75
R 2.55 2.75 2.52 2.56 2.67 2.61
R, 2.52 2.90 2.53 2.61 2.60 2.57
R, 2.58 2.61 2.51 2.50 2.74 2.51
Rip 2.87 479 3.47 2.83 4.30 3.38
cLp(p/n) | —11.22 | —0.88 —1.25 | —1459 | —3.58 —4.12
R, — R,] | 0.06 0.29 0.02 0.11 0.14 0.06
Rrp/Rm 1.13 1.74 1.38 111 1.61 1.30

Table 2. The RMF results for '*N-'50 obtained with NLZ. Other details can be found in the caption of table 1 and in text.

15N ISO
nLy(Lp) 1p1/2cs 281/2ES2 1d5/2ESI 1p1/2cs 251/2E51 1d5/2ESQ
Bexp. 115.49 | 110.19 | 110.22 | 111.96 | 106.78 | 106.72
B 116.00 | 11024 | 111.28 | 11253 | 10534 | 104.09
R 2.60 2.82 2.58 2.61 2.78 2.59
R, 2.57 2.95 2.59 2.67 2.73 2.62
R, 2.63 2.71 2.58 2.55 2.86 2.56
Rrp 2.93 4.66 3.55 2.90 135 3.44
cr(p/n) | —11.28 | —1.67 ~1.60 —875 | —4.35 —4.60
R, — R.| | 0.06 0.24 0.01 0.12 0.13 0.06
Rip/Rm | 1.13 1.65 1.38 111 1.57 1.33

Table 3. The RMF results for 2! Na-2'Ne obtained with NL3. The states with the symbols “GS” and “ES4” denote the ground
states and the fourth excited states, respectively. Other details can be found in the caption of table 1 and in text.

21 Na 21N
nLy(Lp) | 1ds;2%% | 281275 | 1d5/29% | 2810754
Bexp. 163.08 160.65 167.41 164.62
B 158.00 152.75 162.39 156.50
R 2.76 2.86 2.75 2.84
R, 2.81 2.98 2.72 2.77
R, 2.69 2.73 2.77 2.90
Rrp 3.37 4.50 3.29 4.13
cop(p/n) | —479 | —1.09 | —950 | —5.15
R, — Rn| | 0.12 0.25 0.05 0.13
Rip/Rm | 1.22 157 1.20 145

Table 4. The RMF results for '*N-'3C obtained with NL3 (the results for the ground state and the first excited state (2s;/2)
of 13C are taken from ref. [31]). The states with the symbols “G'S”, “£S1” and “ES3” denote the ground states, the first and
the third excited states, respectively. Other details can be found in the caption of table 1 and in text.

13N 13C
nL;(Lp) 1p1/2cs 281/2E51 1d5/2ES3 1p1/2c:s 281/2E51 1d5/2E53

Bexp. 94.11 91.74 90.56 97.11 94.02 93.26
B 94.12 92.86 91.46 98.09 92.48 92.49
Rom 2.38 / / 2.40 2.48 2.41
R, 2.46 / / 2.33 2.21 2.24
R, 2.29 / / 2.45 2.71 2.53
Rip 3.13 / / 3.03 471 3.88

cLp(p/n) | —4.76 | +0.52 +2.40 —8.44 —1.93 —0.33
R, — R,| | 0.17 / / 0.12 0.50 0.29
Rrp/Rm 1.32 / / 1.26 1.90 1.61
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Fig. 1. The density distributions of proton, neutron, and the
last nucleon for the ground state, the first and the second ex-
cited states in the mirror nuclei 1> N-'°0 with NL3. Solid, dash-
dotted, and dotted curves represent the density distributions of
proton, neutron, and the last proton for °N or the last neutron
for 150, respectively.
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Fig. 2. The density distributions of proton, neutron, and the
last nucleon for the ground state, the excited states in the mir-
ror nuclei 2 Na-?'Ne with NL3. Solid, dash-dotted, and dotted
curves represent the density distributions of proton, neutron,
and the last proton for ?'Na, or the last neutron for 2!Ne, re-
spectively.

R, Ry, Ry, Rrp, respectively. e p(p/n) stands for the
single-particle energy of the last nucleon. The difference
of RMS radii between proton and neutron is represented
by |R, — Ry|. Rpp/Ry, denotes the ratio of the valence
nucleon RMS radius to the matter one. The density distri-
butions of proton, of neutron and of valence nucleon with
parameter set NL3 are plotted in figs. 1, 2 and 3.
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Fig. 3. The density distributions of proton, neutron, and the
last nucleon for the ground state, the first and the third excited
states of *C with NL3. Solid, dash-dotted, and dotted curves
represent the density distributions of proton, neutron, and the
last neutron for 3C, respectively.

4 Discussion

Up to now, there has not been a uniquely quantitative
definition on neutron (proton) halo and skin, though the
two concepts are widely used. A well-accepted definition
on halo and on skin is still pending. Furthermore there
is no quantitative criterion to distinguish between halo
and skin. In order to make a clear conclusion of the
existence of halo or skin, people have to combine all the
possible experimental data and theoretical results, such
as the density distributions, the nuclear radii, the binding
energy, separation energy, the spin and parity etc. Even if
the problem to define the halo and skin has not been com-
pletely solved, some conditions are required to prove the
appearance of halo or skin in a nucleus. It is agreed that
the skin is a general phenomenon for many nuclei near (or
off) the stable line. The skin may involve the participation
of the nucleons whose number varies from a few to many.
However, the halo is a specific phenomenon for the ground
states in exotic nuclei near the drip line and its appearance
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originates from the contribution of few weakly bound
nucleons. In this paper, our criterion for the appearance
of halo in the excited state of a nucleus is as follows: 1)
the excited states are mainly the S states; 2) there is a
long tail for the valence nucleon density distribution of a
nucleus; 3) the root-mean-square (RMS) radius of the last
nucleon is evidently larger than that of the other nucleons.
Usually we call a nucleus as a skin nucleus if condition 1)
is not fulfilled and conditions 2) and 3) are partly fulfilled.
Our criterion is equivalent to that of Fukunishi [47], Ot-
suka [48], and Tanihata [14,39] to some extent. At present
it is believed that the above criterion and differentiation
are better than a simple expression. Of course, it is nec-
essary to give a quantitative expression to show halo and
skin phenomena by combining all factors in the future.

We first consider the results for the heavier mirror nu-
clei ®N-'20 and 2'Na-2!Ne, deferring discussion for those
of 13N-13C to later on (since the two lowest excited states
of 13N are both unbound).

4.1 15N-150

It can be seen that from tables 1 and 2, the RMF cal-
culations with two different parameter sets can reproduce
well the binding energies of '°N-10 as a whole. The dif-
ferences between theoretical binding energies and experi-
mental ones for the ground states are less than 1.00 MeV
and the corresponding relative error is about 0.5%. Of
course, a better precision is expected for the description
of a successful parameter set. It is well known that the two
parameter sets NL3 and NLZ are determined by fitting the
experimental properties of several standard spherical nu-
clei, such as 10 and 4°Ca etc. It is inevitable that, to some
extent, a discrepancy between experiment and calculation
occurs when the two parameter sets are applied to the
approach for an open-shell nucleus. In the case of the ex-
cited states, the agreement is not so good and the largest
relative difference is 2.5% off (see the result with NLZ for
the 1d5,o excited state in °0). But one should note that
all these results are obtained without readjustment of any
parameter. The experimental data for energy levels show
that 1ds/o and 2s;/, are the first and the second excited
states for '°N, respectively, whereas the order is reverse in
150 [45]. For both parameter sets, the calculated results
for the 1ds/ excited state N, are almost same as those
for its ground state (1p;/2), except for the smaller single-
particle energy of the valence proton. It shows that there
is not any exotic structure in the 1ds/, excited state of
I5N. But the situation is significantly different when one
looks at the results in tables 1 and 2, for the 25, /, excited
state of ®N, where the RMS radius of the last proton is
4.79 fm for NL3 and 4.66 fm for NLZ. They are much larger
than the respective matter radius, 2.75fm and 2.82 fm. In
addition, both |R, — R,| (0.29fm for NL3 and 0.24 fm
for NLZ) and Rrp/Ry, (1.74 for NL3 and 1.65 for NLZ)
for the 2s; /5 excited state are much larger than those for
the ground state where they are both 0.06fm and 1.13
for NL3 and NLZ, respectively. The single-particle ener-
gies for 15N listed in tables 1 and 2 show that the last

proton is tightly bound in the ground state (—11.22 MeV
for NL3 and —11.28 for NLZ) and weakly bound in the
2515 excited state (—0.88 MeV for NL3 and —1.67MeV
for NLZ). Furthermore, we plot in fig. 1, the density dis-
tributions of proton, neutron and the last proton in '°N.
It is obvious that the proton density distribution for the
251/ excited state has a long tail compared with that for
the 1d5 /o excited state. Therefore, this suggests that there
exists a proton halo in the 2s; /5 excited state of I5N.

The results obtained with NL3 for 50 are also listed
in table 1 for comparison with '°N. For the 251 /9 excited
state, the valence neutron RMS radius is 4.30 fm, which
is much larger than the matter RMS radius, 2.67 fm and
this leads to a large ratio, Rpp/R,;, = 1.61. It is smaller
than but still close to the corresponding value in the 2s; /o
excited state of 1°N, 1.70. However, the difference of RMS
radius between proton and neutron is only 0.14 fm, which
is a bit larger than that of the ground state, 0.11 fm, but
is rarely smaller than that for the 2s; /5 excited state of its
mirror nucleus '°N, 0.25 fm. Moreover, the single-particle
energy of the last neutron is —3.58 MeV, and its absolute
value is relatively larger than that for the 2s;,5 excited
state of 1N, —0.88 MeV. Hence it is suggested that there
might be a neutron skin in the 2s 5 excited state of 0.
In addition, it can be seen from fig. 1 that the neutron
density distribution in the 2s;/, excited state of 150 is
obviously diffuse compared with that in the ground state,
however the difference between neutron and proton den-
sity distributions is not very large and this confirms the
formation of the neutron skin. The case in the 1ds,, ex-
cited state of 150 is the same as that for the 1ds /2 excited
state of 15N, in which there is no exotic structure. For the
calculations for 1N-10Q with NLZ force, the same conclu-
sion can be drawn so we do not repeat it here.

4.2 21Na-21Ne

The results obtained with NL3 for 2! Na-2!Ne are shown in
table 3 and fig. 2. The agreement between the calculated
binding energies and the experimental ones is not as good
as that for **N-150. The binding energies are underesti-
mated by several MeV by the RMF model in all case. As
mentioned above, this could mainly arise from the large
deformations for A ~ 20 nuclei. Although the spherical
code can give an approximate description of these largely
deformed nuclei, it is necessary to perform further study
on them with the deformed model in the future. One can
see that the difference of RMS radius between proton and
neutron in the 2s; /5 excited state of 2INa is 0.25 fm. The
corresponding valence proton radius and the ratio of the
RMS radius of proton to neutron reach 4.50 fm and 1.57,
respectively. The former quantity can fulfill the above cri-
terion for the formation of halo, while the latter is a little
small. The single-particle energy of the valence proton is
—1.09MeV, which indicates that the 2s,,, excited state
of 2!Na is weakly bound. So this suggests that there is a
proton skin (or a pigmy proton halo) in the 2s; /, excited
state of 2!Na. The conclusion can also be proved by the
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density distributions plotted in fig. 3. For its mirror nu-
cleus 2'Ne, one can see that in the same table and figure,
the situation is different and there is no exotic structure
in the 2s; /o excited state.

4.3 BN-13C

We first consider the structure of **C and then we will give
a discussion for 3N, in which the 251/ and the 1ds /o ex-
cited states are both unbound resonances. Since the prop-
erties for the 2s; /5 excited state in '3C has been calculated
previously [31], here we just put emphasis on the 1ds /5 ex-
cited state of 13C. The RMS radius of the valence neutron
in the 1ds,o excited state of '*C is 3.88 fm. It agrees with
the corresponding experimental result (3.68 £ 0.40 fm)
within the error bar, ref. [29], where it was declared that
there is a neutron skin in the 1ds,, excited state of 13C.
The single-particle energy (—0.33MeV) of the valence
neutron is small and it indicates that the 1ds,, excited
state of 13C is weakly bound compared with the ground
state [44,45]. At the same time, it should be noted that
although the calculated |R, — R,| (0.29fm) and Ryp/R,
(1.61) are both large, the above RMS radius of the valence
neutron is too small. Moreover considering the large cen-
trifugal barrier of the 1d5 /o shell, it suggests that, as done
by Liu et al., a neutron skin can form in the 1ds 5 excited
state of 13C.

Before we give a discussion of 3N, let us make the
comparison of halo or skin size between mirror nuclei. The
ratios of the last nucleon RMS radius to the matter one
are plotted in fig. 4. For comparison, some known ratios
of other exotic nuclei are also given in the same figure. It
should be noted that the results for all the nuclei in fig. 4
are from RMF calculations except for that of ''Li, which
is from experimental data [1,49]. It is clearly seen that the
value 1.5 may be looked at as a dividing line. For those
cases that have (or not) exotic structure, the ratios are all
larger (or smaller) than 1.5. For 2B [31], the larger ratio
reaches 2.08, which is even larger than that of the well-
tested exotic nucleus ''Li, 1.87. For the other couple of
mirror nuclei '"F-170, in which exotic structures exist in
the 2s; /5 excited states [28,31], the same rule can be seen
obviously. Based on the above observation, we suggest that
the ratio size can be regarded as an additional criterion
for the formation of halo or skin. It is interesting that the
ratios for the excited states of '°N, I"F and 2!Na are all
consistently larger than those of their respective mirror
partners 0, 70O and 2?!Ne. In addition, the ratio for the
excited state decreases monotonously with mass number
due to the decrease of proportion of the last nucleon in
a nucleus, whereas that for the ground state has no such
behavior, and vibrates around a value of about 1.25.

Finally, let us discuss briefly the case of "*N. From the
single-particle energy of the valence proton for *N listed
in table 4, we know that the 2s; /o and the 1d5/, excited
states of 13N are both unbound which is consistent with
the experimental results [44,45]. This shows that the RMF
code can predict properly the unbound excited states of

2.25

2.00

1.00

“Li IZB 13N 13C lSN 150 17F 170 ZINa 21Ne

Fig. 4. The ratios of the last nucleon RMS radius to the matter
one for the ground states and the excited states in some exotic
nuclei. The squares indicate the ratios in the grounds while the
stars are for those in the excited states. The result for 'Li is
taken from refs. [1,49] and those for *B and for the ground
and first excited states of *C, and for "F-17O are taken from
ref. [31] and ref. [28], respectively.

I3N. As well known, a wave function for an unbound reso-
nance is not square integrable and must therefore lead to
an infinitely large RMS radius. So here only the binding
energies are given and all kinds of radii and correspond-
ing density distributions are omitted. Up to now, there
has been no detailed study on the exotic structure in an
unbound state. However, in view of the fact that the size
of proton halo or skin is larger than that of neutron halo or
skin in each couple of mirror nuclei, one expects that this
rule will hold for '3N-13C, namely, there is an unbound
proton halo and skin in the 2s;/, and the 1ds,, excited
states of 13N, respectively.

5 Conclusion

To summarize, we have calculated the properties of three
pairs of mirror nuclei with a good inert core plus one un-
paired nucleon outside the core by using the framework of
nonlinear relativistic mean field with NL3 and NLZ force
parameters. Both parameter sets can yield almost simi-
lar results and can reproduce the experimental binding
energies well except for largely deformed nuclei. The cal-
culations show that the 2s; /5 and the 1ds,5 excited states
of 13N are both unbound while the 1ds /5 excited state of
13C, the 251/ excited states of 5N, of 150 and of ?'Na
are all weakly bound. It is predicted that there is a neu-
tron skin in the 25,/ excited states of BC and of 10,
respectively. It is also shown that there exists a proton
halo and a proton skin (or a pigmy proton halo) in the
2519 excited states of 15N and of ?'Na, respectively. For
13N, there could be a proton halo and a proton skin in the
2512 and the 1ds/, unbound excited resonances, respec-
tively. It is necessary to perform relevant experiments for
the confirmation of our theoretical prediction.
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