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Abstract; Properties of two pairs of mirror nuclei *N-*C and *N-""O are investigated by using the

nonlinear relativistic mean-field theory. It is found that all 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. The calculations show that the first excited state (2sy,,) and the third excited state

(1ds/,) in BN are both unbound resonances with proton halo structure, whereas the third excited

state (1ds.,) in *C is weakly bound with a neutron skin. It is also predicted that there has a proton

halo in the second excited state (2sy,,) of YN as well as a neutron skin in the first excited state
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The nuclei far from the B-stability line have
been studied widely and exotic structures (halos or
skins) in the ground states were found in many nu-

U-221  However, studies on halo or skin in the

clei
excited states of nuclei near the B-stability line are
relatively scarce. Morlock et al?*! shed light on the
existence of proton halo in the excited states of sta-
ble nuclei firstly. They revealed experimentally the
existence of a proton halo in the first excited state
of "F. Ren et al®! investigated " F using the non-
linear relativistic mean—field (RMF) theory and

reached the same conclusion. Liu et al'®®! and Lin

et al'® showed the existence of neutron halo in the
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excited states of nuclei ?B and ¥C. Ren et alt?”
calculated nucleon density distributions for the ex-
cited states of *C, *B, ¥ N and " O with RMF and
gave a theoretical proof for halo and skin. Moreo-
ver, Arai et alt® investigated the more complicated
halos in the second excited state of *Li with a fully
microscopic three-cluster model and predicted that
8Li has a conspicuous halo-like structure formed by
a neutron and a proton surrounding the a core, 1.
e. , deuterium halos. Li et al®? provided the ex-
perimental evidence of deuterium halos in the sec-
ond excited state of ®Li.

Since RMF theory has been applied with con-
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siderable success to the quantitative description of
nuclear properties in the ground states and to the
predicion for the halo in the excited
statest??-8:24-27:307361) {1 {5 also interesting to give
theoretical prediction for halo or skin in the excited
states of other nuclei with RMF model. In this pa-
-per, we investigate existance of a halo or a skin in
some excited states of two couples of mirror nuclei
BN-B3C and *N-* O using the frame of nonlinear
RMF.

The RMF theory with o, w, and p meson is in
the mean time a standard approach. Here we make
a brief description (Details can be found in Refs.
[2,5,8,30—36]). We start from the local La-
grangian density for interacting nucleons, o, w,
and p mesons and photons, which are used to ob-

tain the RMF equations,
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with

QI“’ = J*w’ — avw,u,

R = dup*” — 2%p

Fer = 3*A* — g"A*,
where 0, w,, and g denote the meson fields and
their masses are given by m,, m., and m,, respec-
tively. The nucleon fields and rest masses are de-
noted by ¥ and M, respectively. A is the photon
field which is responsible for the electromagnetic
interaction. The effective coupling constants be-
tween mesons and nucleons are g., g., and g,, re-
spectively. The coupling constants of the nonlinear
o terms are called g, and g,. ™ represents the
isospin Pauli matrices and 7* is the third component
of . Under the mean field approximation, the
meson fields are considered as classical fields and

they are replaced by their expectation values in vac-

uum. Using the procedures similar 1o those of
Refs. [2,5, 31, 33], we obtain a set of coupled
equations for mesons, nucleons, and photons.
They are solved consistently in coordinate space by
iteration. The nonlinear RMF parameter sets of
NL3%7) is chosen for numerical calculations in this
work, We use the term 0, 75X 41 AY® to evaluate
the correction of the additional energy due to the
motion of the center of masst®.

We select *C as an example to explain the de-
tails of the calculations. First, we calculate the
binding energy, single-particle levels, RMS radii of
proton and neutron density distributions for the
ground state of the core nucleus (**C). Then we
calculate the ground state properties of *C by as-
suming the last neutron occupies the state 1p,;,.
Finally the properties for the first or the third ex-
cited states of ¥ C are obtained by assuming the last
neutron occupies 2sy,, or 1d;,;. Every step is a self-
consistent RMF calculation, The total binding en-
ergy, separation energy, single particle energy, ra-
dii, and wave functions of each nucleon are ob-
tained and root-mean-square radius of the last pro-
ton can be calculated by its wave function,

The calculated results for the mirror partners
¥N-13C are displayed in table 1 and those for '*N-
0 are listed in table 2. In the two tables, nL,
(LP) denotes the quantum number of the state oc-
cupied by the last nucleon. B.,,/** and B represent
experimental and theoretical binding energies, re-
spectively. The root-mean-square (RMS) radii of
matter, proton, neutron, and the last nucleon den-
sity distributions are denoted by R,,, R,, R,» Rip»
respectively. The single particle energy of the last
nucleon (a proton for **N and "N or a neutron for
“C and *0) is denoted by &, (p/n).

It can be seen that the RMF calculations can
reproduce the binding energies well as a whole.
The differences of binding energy between theory
and experiment are very small. It indicates that the
theoretical binding energies are very close to the

experimental ones. One should note that all these
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results are obtained without readjustment of any

parameter.

Table 1 The RMF results for ¥ N-"C with NL3*

TN 5C
nLj; (LP) 191,268 2517259 1ds/, 58 11720347 2512 1ds 2558
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
Ry 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 4,71 3.88
ep(p/n) —4.76 +0.52 +2.40 —8.44 —1.93 —0.33
|Ry—Ral 0.17 / / 0.1z 0.50 0.29

» GS, ESI and ES3 denote the ground states. the first and the third excited states, respectively. The units of bind-

ing energies and of single particle energies are in MeV and those of various RMS radii and the corresponding differences

between proton RMS radii and neutron RMS radii are in fm. The other details can see text.

Table 2 The RMF results for '*N-"*O with NL3"
BN )

nL;(Lp) 1p1/298 2512552 1ds 552 191,28 251, B 1ds/ 552
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

Ra 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

R p 2. 87 4.79 3.47 2.83 4. 30 3.38

eLp (p/n) -—11.22 —0.88 -1.25 —14.59 —3.58 —4.12

|Rp—R,| 0.06 0,29 0.02 0.11 0.14 0.06

* The other details can see the caption for table 1 and see text.

From the single particle energy of the valence
proton for ¥ N listed in table 1, we know that the
two lowest excited states of >N are both unbound
which are consistent with the experimental re-

It shows that the RMF code with NL3

parameters can predict properly the unbound excit-

st'ﬂtsm' 39] )
ed states for *N. As well known, a wave function
for an unbound resonance 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 corresponding density dis-
tributions are both omitted. It is not easy to give a
confirmed conclusion to the structure in the excited

states of " N. However, considering the charge

symmetry, one can say that there may exist a un-
bound proton halo in the first and the third excited
states of N, respectively,

The results for **C are also displayed in table 1
and Fig. 1, respectively for comparison with its
mirror partner "N, Since the properties for the
first excited state in *C has been calculated previ-
ously!??, here we just emphasize on the third ex-
cited state of "C, The RMS radius of the valence
neutron in the third excited state of *C is 3. 88 fm.
It agrees with the experimental result (3. 68 +
0.40) fm within the error bar, where it was de-
clared that there is a neutron skin in the third ex-

cited state of **C*}, The single particle energy (—
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0.33 MeV) of the valence neutron is small and it
indicates that the 2s,,, excited state is weakly

bound compared with the ground state in *CB® ¥,

10°
10" “C(1d. ) third excited state

512

12

Fig. 1 The density distributions of proton, neutron, and the
last nucleon for the ground state, the f{irst and the

third excited states in *C,

At the same time, it should be noted that the cal-
culated |R,—R,| (0. 29 fm) is not very large.
Therefore it suggests that, as done by Liu et al, a
neutron skin can form in the third excited state of
“C. From Fig. 1, it can be seen that the neutron
density distribution shows an extensive region than
the proton one when the last neutron occupies the
1d;,, state. It is somewhat similar to that for the
first excited stare of **C where a neutron halo has
been predicted both experimentally and theoretical-
Iy[zs’“].

For " N-* O, the first and the second excited
states for ¥ N are the 1d;,, and 2s,,,, respectively,
whereas the excitation order of O is contrary to
that for *NI**_ It can be seen that from table 2,
the calculated results for the first excited state

(ldgs; ), are alinost the same as those for the

ground state, (1p,,,) in "N, except for the smal-

ler single particle energy of the valence proton.

Hence there is no any exotic structure in the first

" excited state of ®N. But the situation is signifi-

cantly different when one sees the second excited
state of N, where the RMS radius of the last pro-
ton is 4. 79 fm and it is greatly larger than the mat-
ter radius of 2. 75 fm. In addition, |R,—R.| (0. 29
fm) for the second excited state is highly larger
than that for the ground state where it is 0. 06 fm.
The single particle energies for “ N listed in table 2
show that the last proton is tightly bound in the
ground state (—11. 22 MeV) and weakly bound in
the excited state (—0. 88 MeV). We plot in Fig.
2, the density distributions of proton, neutron and
the last proton for N, It can be seen that the pro-
ton density distribution for the second excited state
of N has a long tail while that for the first excited
state is normal. Therefore, it suggests that there
exists a proton halo in the second excited state of
¥ N, From table Z we can see that for the first ex-
cited state of *O, the valence neutron RMS radius
is 4. 30 fm, which is greatly larger than the matter
RMS radius, 2. 67 fm. However, the difference of
RMS radius between proton and neutron for the
first excited state is only 0. 14 fm, which is little
larger than that of the ground state, 0. 11 fm, but
is rare smaller than that for the second excited
state of *N, 0. 25 fm, Moreover, the single parti-
cle energy of the last neutron in the first excited
state of “O is —3. 58 MeV, and its absolute value
is relatively larger than that for the second excited
state of N, —1.33 MeV, Hence it is suggested
that there might exist a neutron skin in the first
excited state of *O. The neutron density distribu-
tion in the first excited state of **O is obviously dif-
fuse compared with that in the ground state (see
Fig. 2), however the difference between neutron
and proton density distributions is not very large
and this confirms the above conclusion, There is no
exotic structure in the ld,,, state of *O which is
the same as that for the first excited state of ®N,

To summarize, we calculated the properties of
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The calculations show that the first and the third
10° 1
. Y
10" "*N(1d, ) first excited stale 0(14,,) second excited state exited states, 2s;, and 1d;, in "N are both un-

rffm

Fig. 2 The density distributions of proton, neutron, and the
last nucleon for the ground state, the first and the sec-

. . . . 15t 6
ond excited states in the mirror nuclei ' N-'* Q.

two pairs of mirror nuclei by using the framework
of nonlinear RMF. It shows that the RMF code can

well reproduce the experimental binding energies.
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