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Relativistic mean-field description of a proton halo in the first excited„1/2…1 state of 17F
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The newly discovered proton halo in the first excited (1/2)1 state of17F @R. Morlocket al., Phys. Rev. Lett.
79, 3837 ~1997!# is investigated in the nonlinear relativistic mean-field model. It is shown that this model,
without introducing any specifically adjusted parameters, can reproduce well not only the ground state prop-
erties of 17F but also the proton halo in the excited (1/2)1 state. The possibility of the existence of a proton
halo in the neighboring nucleus18Ne is also discussed.@S0556-2813~98!00905-4#

PACS number~s!: 21.10.Gv, 21.60.Jz, 21.10.Dr, 27.20.1n
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It has been well known that there exist neutron halos
light neutron-rich nuclei since the pioneering experimen
work by Tanihataet al. @1#, Mittig et al. @2#, and Saint-
Laurentet al. @3,4#. However, one has questioned for ma
years whether proton halos in light proton-rich nuclei can
do exist. A very recent experiment performed by Morlo
et al. @5# provides a definite answer to this question a
shows the existence of proton halos. They observed i
proton-capture reaction on16O at low energies, i.e.
16O(p,g)17F, the low-energyS factor is dominated by a
transition to the first (1/2)1 in 17F. They found theS factor
increases strongly with decreasing incident energies and
indicates the existence of a proton halo in the excited s
(1/2)1 in 17F. The root-mean-square radius of the halo p
ton in the bound (1/2)1 state is as large as 5.3 fm@5# while
the root-mean-square radius of the16O core is approximately
2.6 fm.

Theoretically various models have been applied for
investigations of neutron halos in neutron-rich nuclei@6–13#
and they have explained successfully the appearance of
tron halos in these nuclei. Nevertheless, there is no mo
calculation on the proton halo in the excited (1/2)1 state of
17F as far as we know. Here we will report a nonlinear re
tivistic mean-field~RMF! calculation on this newly discov
ered proton-halo nucleus17F and its neighboring nuclei16O
and 18Ne. In the RMF model, the spin degrees of freedom
nucleons are treated microscopically and the spin-orbit s
ting is given automatically, since it is essentially a relativis
effect. This avoids the introduction of anad hocspin-orbit
potential, an advantage especially in exotic nuclei wh
their spin-orbit splittings are unknown.

The nonlinear relativistic mean-field theory has produc
very reliable results for both even-even and odd-A nuclei
throughout the Periodic Table in past years@14–24#. Espe-
cially these RMF calculations have shown that the RM
models can reproduce isotope shifts of root-mean-square
dii of nuclear charge distributions in medium and heavy n
clei very well. This indicates that the model can provide
with a reliable description of proton distributions and pro
ably also proton halos.

The RMF theory withs, v andr mesons is in the mean
time a standard approach. We therefore describe here
briefly the theory.~Details can be found in Refs.@14–24#.! In
the RMF approach, we start from the local Lagrangian d
570556-2813/98/57~5!/2752~4!/$15.00
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sity @14–24# for interacting nucleons,s, v, and r mesons
and photons,
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with

Vmn5]mvn2]nvm, ~2!

Ramn5]mran2]nram, ~3!

Fmn5]mAn2]nAm. ~4!

The meson fields are denoted bys, vm , and rm
a and their

masses are given byms , mv , and mr , respectively. The
nucleon fields and rest masses are denoted byC andM . Am
is the photon field which is responsible for the electroma
netic interaction,e2/4p51/137. The effective coupling con
stants between mesons and nucleons are, respectively,gs ,
gv , andgr . g2 andg3 are the nonlinear couplings of thes
meson. The isospin Pauli matrices are written asta with t3

being the third component ofta. We solve the nuclear many
body problem of a nucleus starting from the above Lagra
ian @14–24#. Under the mean-field approximation, the m
sons fields are considered as classical fields and they
replaced by their expectation values in vacuum@14–24#. Us-
ing procedures similar to those of Refs.@14,16,18,24#, we
obtain a set of coupled equations for mesons, nucleons,
photons. They are solved consistently in coordinate spac
iteration. After the final solutions are obtained, the total bin
ing energy of a nucleus and other quantities can be ca
lated from wave functions.

The parameters of the above Lagrangian density~1!, such
as meson masses and coupling constants are obtaine
2752 © 1998 The American Physical Society
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fitting experimental observables like nuclear matter prop
ties and binding energies and radii of a few selected sphe
nuclei @16,24#. In this paper we will carry out RMF calcula
tions of the nuclei16O, 17F, and 18Ne with two sets of pa-
rameters NLZ@24# and NL1 @16,24# which are frequently
used by many groups. A detailed correction of the center
mass motion is included for the NLZ@24# and we expect tha
this is then a good description of bulk properties of lig
nuclei.

The numerical results of16O and 17F with NLZ and NL1
are listed in Tables I and II, respectively. The results of17F
are obtained in the following way. At first, we assume t
last proton occupies the 1d5/2 level and obtain so the result
for the ground state of17F. Then we assume the last proto
occupies the 2s1/2 level and obtain the result for the excite
(1/2)1 state. In the tables, the experimental and theoret
binding energiesB ~MeV! and the root-mean-square~rms!

TABLE I. The RMF results of16O and 17F with NLZ.

16O 17F(1d5/2)
17F(2s1/2)

B ~expt.! ~MeV! 127.62 128.22
B ~theor.! ~MeV! 127.43 128.89 127.63
Rm ~fm! 2.65 2.73 2.85
Rp ~fm! 2.67 2.81 3.03
Rn ~fm! 2.64 2.64 2.64
Rc ~fm! 2.79 2.92 3.13
R(1d5/2) ~fm! 3.66
R(2s1/2) ~fm! 4.97
e(1s1/2)(p) 235.70 235.48 235.69
e(1p3/2)(p) 217.18 217.01 217.03
e(1p1/2)(p) 211.41 211.38 210.90
e(1d5/2)(p) 21.54
e(2s1/2)(p) 20.40
e(1s1/2)(n) 239.74 241.42 241.40
e(1p3/2)(n) 220.94 222.82 221.92
e(1p1/2)(n) 215.10 217.06 215.71

TABLE II. The RMF results of16O and 17F with NL1.

16O 17F(1d5/2)
17F(2s1/2)

B ~expt.! ~MeV! 127.62 128.22
B ~theor.! ~MeV! 127.30 128.62 127.34
Rm ~fm! 2.65 2.72 2.86
Rp ~fm! 2.66 2.80 3.03
Rn ~fm! 2.64 2.64 2.64
Rc ~fm! 2.78 2.92 3.13
R(1d5/2) ~fm! 3.66
R(2s1/2) ~fm! 5.01
e(1s1/2)(p) 236.17 235.97 236.06
e(1p3/2)(p) 217.31 217.13 217.13
e(1p1/2)(p) 211.26 211.20 210.74
e(1d5/2)(p) 21.50
e(2s1/2)(p) 20.34
e(1s1/2)(n) 240.20 241.99 241.80
e(1p3/2)(n) 221.07 223.03 222.05
e(1p1/2)(n) 214.94 216.96 215.57
r-
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radii of matter, proton, neutron, and charge density distri
tions,Rm ~fm!, Rp ~fm!, Rn ~fm!, andRc ~fm! are given@25#.
In order to elucidate whether there exists a proton skin an
halo in 17F, we have also listed the single particle energye
~MeV! and the root-mean-square~rms! radii of protons in the
1d5/2 and 2s1/2 levels,R (1d5/2) ~fm! andR (2s1/2) ~fm!. It
is seen from Table I that the differences of theoretical bin
ing energies with NLZ and experimental ones are appro
mately 0.2 MeV and 0.7 MeV for16O and 17F, respectively.
The calculated binding energy is only 0.5% off. The RM
theory with NLZ shows that17F is stable to proton emission
no matter if the valence proton occupies the 1d5/2 or the 2s1/2
level, since in RMF the total binding energy of17F is larger
than that of16O. This also agrees with the experimental fa
@25,26#. The experimental RMF radii of the charge and ne
tron density distribution are 2.73 fm and 2.58 fm for16O
@27#, respectively. These values are very close to our th
retical results 2.79 and 2.64 fm.

In Table I we will see that the last proton in the leve
1d5/2 and 2s1/2 level is only weakly bound and this produce
a proton skin and for 2s1/2 even a halo. We list the rms rad
of the last proton in the 1d5/2 or 2s1/2 state in the eighth and
ninth row. BecauseR (2s1/2)'5 ~fm! is approximately
twice the matter rms radius of the core16O Rm'2.65 fm,
one can speak of a proton halo when the last proton occu
the excited 2s1/2 level. In the ground state of17F, the last

FIG. 1. The density distributions of proton, neutron, and ma
in 16O and 17F, and of the last proton in17F(1d5/2) and 17F(2s1/2)
in the RMF theory with the NLZ force. Solid, dotted, short-dashe
and long-dashed curves represent the density distributions of
ton, neutron, matter, and the last proton, respectively.
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proton in the 1d5/2 level forms a proton skin because its rm
radius is about 3.7 fm. Now let us compare our theoret
radii R(2s1/2) andR(1d5/2) in Table I with the correspond
ing experimental data from Morlocket al. @5#. They obtained
r rms(5/21)53.698 fm andr rms(1/21)55.333 fm. It is seen
again that our theoretical results are very close to the exp
mental data.

From Table II we conclude that the RMF results wi
NL1 also agree well with the experimental data both
binding energies and radii. Especially the experimental ra
r rms(5/21) and r rms(1/2)1 from Morlock et al. @5# can be
reproduced by the RMF model without adjusting any para
eters of the Lagrangian~1!. As we compare the RMF result
of NL1 ~Table II! with RMF results of NLZ~Table I!, we see
that RMF results with different force parameters are pra
cally the same and this shows the RMF results are v
stable for these nuclei.

In order to present the proton skin for the 1d5/2 ground
state and the proton halo for the 2s1/2 excited state of17F, we
show the density distribution of protons, neutrons, and
matter in 16O and 17F and the distributions of the last 1d5/2
and 2s1/2 protons in17F for the forces NLZ~Fig. 1! and NL1
~Fig. 2!. In the figures, solid, dotted, short-dashed, and lo
dashed curves are the density distributions of protons, n
trons, matter in16O and 17F, and the distribution of the las
proton of 17F in the levels 1d5/2 or 2s1/2, respectively. When
the last proton in17F occupies the level 2s1/2, there is a
proton halo in 17F because the density distributions of t
protons and of the matter have a long tail, which becom

FIG. 2. Same as Fig. 1 but for the force NL1.
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the contribution of the last proton. For the ground state
17F, there is a proton skin due to the small binding energy
the last proton in the 1d5/2 state. It is seen again that th
results of the RMF approach with different force paramet
are very close compared to the densities in Figs. 1 and 2

In view of the fact that RMF results agree well with e
perimental data of16O and 17F, it is interesting to see the
RMF prediction on the neighboring nucleus18Ne. Therefore
we carried out RMF calculations of18Ne for three cases:~a!
we assume that there is no pairing force between protons
the two protons occupy the 1d5/2 level @18Ne(1d5/2)#; ~b! we
assume that there is no pairing force between the protons
the last two protons occupy the 2s1/2 level @18Ne(2s1/2)#; ~c!
we assume that there is the pairing force between the last
protons and the proton pairing gap is assumed to beD
511.2/AA MeV (18Ne!. For all cases the neutron pairin
force is chosen to be zero because the neutron numbe

TABLE III. The RMF results of18Ne with NLZ.

18Ne(1d5/2)
18Ne(2s1/2)

18Ne

B ~expt.! ~MeV! 132.14 132.14
B ~theor.! ~MeV! 130.27 128.03 134.34
Rm ~fm! 2.80 2.99 2.84
Rp ~fm! 2.92 3.23 2.99
Rn ~fm! 2.64 2.64 2.64
Rc ~fm! 3.03 3.33 3.10
R(1d5/2) ~fm! 3.69 3.69
R(2s1/2) ~fm! 4.81 5.00
e(1s1/2)(p) 235.23 236.30 235.25~1.00!
e(1p3/2)(p) 216.82 216.99 216.82~0.99!
e(1p1/2)(p) 211.35 210.27 211.22~0.98!
e(1d5/2)(p) 21.45 21.46~0.29!
e(2s1/2)(p) 20.64 20.23~0.16!
e(1s1/2)(n) 243.03 243.86 242.86~1.00!
e(1p3/2)(n) 224.62 223.10 224.25~1.00!
e(1p1/2)(n) 218.97 216.24 218.51~1.00!

TABLE IV. The RMF results of18Ne with NL1.

18Ne(1d5/2)
18Ne(2s1/2)

18Ne

B ~expt.! ~MeV! 132.14 132.14
B ~theor.! ~MeV! 129.82 127.52 133.90
Rm ~fm! 2.79 3.00 2.84
Rp ~fm! 2.91 3.26 2.99
Rn ~fm! 2.63 2.65 2.63
Rc ~fm! 3.02 3.36 3.10
R(1d5/2) ~fm! 3.69 3.69
R(2s1/2) ~fm! 4.90 5.12
e(1s1/2)(p) 235.75 236.35 235.76~1.00!
e(1p3/2)(p) 216.93 217.01 216.93~0.99!
e(1p1/2)(p) 211.14 210.16 211.02~0.98!
e(1d5/2)(p) 21.38 21.39~0.29!
e(2s1/2)(p) 20.48 20.15~0.16!
e(1s1/2)(n) 243.71 243.90 243.51~1.00!
e(1p3/2)(n) 224.91 223.15 224.52~1.00!
e(1p1/2)(n) 218.92 216.16 218.44~1.00!
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18Ne is a magic number. The BCS treatment is used for c
~c! and only bound levels of protons are included in t
calculation. The RMF results with NLZ and NL1 are listed
Tables III and IV, respectively, where the second and th
columns correspond to cases~a! and~b! and the last column
corresponds to case~c!. Here all quantities have a simila
meaning to those in Table I and the quantity in brackets
the last column is the occupation probability of a nucleon
the corresponding single particle levels@the nucleon numbe
in a j level is occupying weight3(2 j 11)#.

It is seen from Tables III and IV that without proton pai
ing forces 18Ne is stable against proton emission if the tw
protons occupy the 1d5/2 or 2s1/2 levels because the theore
ical binding energy of18Ne is larger than that of16O. This
agrees with the experimental facts@25,26#. If there is no
proton pairing force, there is a proton skin in the ground st
(d5/2

2 ) of 18Ne and there is a two-proton halo in the excit
state (s1/2

2 ) of 18Ne because the rms radii of the protons
1d5/2 and 2s1/2 are R(1d5/2)53.69 fm andR(2s1/2)54.81
fm, respectively. With proton pairing one has a certain co
ponent of a proton halo in the ground state of18Ne due to
configuration mixing and a large component of a proton h
in the excited state.
.
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In summary, we have calculated the properties of the
clei 16O, 17F, and18Ne using the nonlinear RMF~relativistic
mean field! model with NLZ and NL1 force parameters. Th
theoretical results agree well with the experimental data
binding energies and radii of these nuclei. An experimen
proton halo in the first excited (1/2)1 state in 17F and a
proton skin in the ground state of17F @5# can be reproduced
by the RMF model without readjustment of any force para
eters. The RMF model also predicts that there are pro
halos in18Ne. After a proton halo has been discovered in17F
by Morlock et al. @5#, it will be interesting to see if there ar
proton halos in other nuclei and to explore their influenc
on various nuclear processes.
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