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Structure of 13Be and 14Be
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The 14Be two-neutron halo nucleus is described within a two-neutron pairing model. In order to reproduce
the measured two-neutron separation energy in14Be and thed5/2 resonance in13Be at the measured energy of
2 MeV, one has to assume in13Be the inversion of 1p1/2 and 2s1/2 shells as in11Be and10Li. We thus predict
the ground state of13Be to be a 1/22 state unbound by about 0.3 MeV, instead of a 1/21 state as usually
accepted.@S0556-2813~99!05207-3#

PACS number~s!: 21.10.2k, 21.60.2n, 27.20.1n
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For some light nuclei on the neutron drip-line, the ve
weak binding of the valence neutron~s! leads to the forma-
tion of a low density distribution extending well beyond th
core of the nucleus, the so-called nuclear halo. Strong in
est has developed for the two-neutron halo systems,
known as ‘‘Borromean’’ haloes: the short-range interact
which binds the extended three-body system (core1n1n) is
unable to bind the two-body subsystems (core1n and n
1n). Both experimental and theoretical efforts have be
recently extended to the spectrum of the unbound core1n
system, as it determines the properties of the two-neu
halo. For example, this interdependence of the two syst
has led to the prediction of a very weakly unboundl 50
resonance in10Li from the two-neutron separation energ
and the low-energy dipole mode of11Li @1–4#. These pre-
dictions have been confirmed in a recent experiment@5#. As
11Be, 10Li exhibits an inversion of the 1p1/2 and 2s1/2 states
compared to Hartree-Fock model. This inversion is due
strong correlations between the extra neutron and the c
which are introduced either as neutron-core vibration c
pling effects on the Hartree-Fock neutron-core potential@6#,
or as a deformation of the neutron-core Woods-Saxon po
tial @8#. One may wonder if the same inversion propert
hold in other nuclei having large neutron excess.

Particular effort is now focused on14Be, which has a
small two-neutron separation energyS2n51.3460.11 MeV
@9# and is thus a candidate for a two-neutron halo structur
can be described as a core of12Be plus two neutrons, while
the core1n system13Be is unbound. It is in that sense ve
similar to the description of11Li, modelized as a core of9Li
plus two neutrons, while the core1n system 10Li is un-
bound. The size inferred from reaction cross sections, des
the big error bars, is much larger than that of the12Be core
nucleus:r 14Be

rms
53.160.4 fm andr 12Be

rms
52.5760.05 fm @10#.

Two experiments have investigated the dissociation of14Be
at intermediate energies: both the angular distribution of n
trons @11# and the momentum distributions of12Be frag-
ments @12# exhibit narrow widths, as expected for a ha
system. Little is known, however, about the detailed str
ture of the halo.

Following the Hartree-Fock approximation, the12Be core
has 1s1/2, 1p3/2 and 1p1/2 filled shells, and the lowest energ
state in 13Be should be ans state. As a neutron halo syste
is favored when the last neutron is in anl 50 state, models
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assume that in14Be the lowest states for the two valenc
neutrons are 2s1/2 and 1d5/2 states. The first spectroscop
experiment on13Be used the reaction13C( 14C,14O)13Be and
found a first level at 2.0160.05 MeV which, according to its
width, was tentatively assigned to a 1d5/2 state; however, a
lower-lying 2s1/2 state, if existing, could not be observed d
to the too weak multinucleon transfer cross section to t
neutron shell@13#. A second experiment was undertake
through the reactiond(12Be,p), finding the 2 MeV level but
again failing in the investigation of the lower energy regi
@14#. Recently, an experiment using the multinucleon tra
fer reaction 14C(11B,12N)13Be has found the ground state o
13Be unbound by 0.8060.09 MeV; the first excited state wa
found at 2.0260.10 MeV, and assigned to be a 1d5/2 state by
comparing to the experimental spectrum of11Be measured
with the same technique@15#. The ground-state parity could
not be determined, the results being compatible with b
1/22 and 1/21 states@15#.

With the assumption of ad5/2 resonance at 2 MeV and a
s resonance at lower energy, the14Be ground state has bee
calculated with a two-neutron pairing model@16#, a three-
body Faddeev approach@17# and a three-body generator co
ordinate method@18#. All these calculations arrive at th
same conclusion: with thed5/2 resonance at 2 MeV, thes
neutron state in13Be needs to be bound to get the corre
binding energy of14Be. As we know that13Be is unbound,
the only alternative in order to obtain the binding energy
14Be is to lower thed5/2 resonance energy, which is also
contradiction with existing experimental data.

We describe14Be as a core of12Be plus two neutrons
with the pairing model used in Ref.@3#. We take the neutron-
core interaction of the form

Vn-core~r !5VWS~r !116a2anS d f~r !

dr D 2

, ~1!

whereVWS is a Woods-Saxon potential with spin-orbit forc
and a symmetry term taking into account the neutron exc
The parameters of this average potential are kept the s
for all studied nuclei. In the second term of Eq.~1!, f (r ) is
the Fermi form factor ofVWS with the diffusivity parameter
a. This term has been suggested by a microscopic calcula
of the contribution of the neutron-core vibration couplings
the mean one-body potential. It has been shown that
©1999 The American Physical Society03-1
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TABLE I. The 14Be two-neutron separation energy and the rms radii defined in the text are calcu
with different assumptions on the single-neutron energiese in 13Be ~energies are in MeV and distances
fm!. The r 12Be

rms is assumed to be 2.57 fm@10#.

e(1p1/2) e(2s1/2) e(1d5/2) S2n r 14Be
rms ^r2&1/2 ^l2&1/2

23.05 0.09 2 0.31 3.45 9.3 5.0
23.05 20.09 2 0.79 3.32 8.7 4.6
23.05 0.09 1.38 1.02 3.02 7.1 3.8

0.12 23.15 2 1.62 2.91 6.4 3.3
0.29 23.15 2 1.29 2.93 6.5 3.4
0.34 23.15 2 1.20 2.94 6.5 3.4
Measured values: 2.0260.10a 1.3460.11b 3.160.4c 5.461.0d

aFrom Ref.@15#.
bFrom Ref.@9#.
cFrom Ref.@10#.
dFrom Ref.@21#.
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strength of the coupling terman depends on the core and o
the neutron state considered@6,7#. Thean are considered a
parameters, fitted fore core and each neutron state on t
experimental neutron energies in the core1n system. The
Vnn interaction of@3# is of zero range and density depende
It has been adjusted at once in order to obtain the bind
energy of14C. Then the states of two-valence-neutron nuc
are calculated by diagonalizing the two-neutron Hamilton
over a subspace including all neutron states up to 4 MeV

We have applied the model, with the same interactio
VWS andVnn , to theN510 nuclei 16C and 14Be. The results
for 16C, a test of the model for the description ofN510
nuclei, are in good agreement with experimental data:S2n
55.41 MeV to be compared toS2n55.4760.14 MeV. We
also get two more bound 01 states at 2.8 and 5.2 MeV ex
citation energies. It is interesting to mention that a plausi
01 state has been found experimentally at 3.03 MeV@19#.
We apply this model to14Be assuming that thed5/2 reso-
nance is at 2 MeV. By varying the energy of a lows reso-
nance, we obtain forS2n the results listed in the upper part o
Table I. These results are qualitatively the same than th
obtained in previous works: the experimental binding ene
of 14Be can only be obtained by, either binding the 2s1/2
state in 13Be, either lowering the energy of thed5/2 reso-
nance. In both cases we are in contradiction with the exp
mental informations on13Be.

Since this model, without free parameters, was able
describe halo or nonhalo nuclei withN58 –10, we wonder if
some of the starting assumptions about the core1n system
were wrong. Let us reconsider the description of13Be. The
n- 12Be potential should be able to reproduce the whole n
tron spectrum in a core of12Be, occupied and unoccupie
states. The occupied states correspond to one-neutron s
in 13Be, whereas the unoccupied states correspond to11Be
viewed as a neutron hole in a core of12Be. The11Be ground
state is 1/21, which implies that the last filled shell in12Be
should be 2s1/2 and not 1p1/2 as always assumed. The fir
unoccupied state is thus 1p1/2. The ground state of13Be
would therefore be a 1/22 state.

We have recalculated the ground-state properties of14Be
within this new picture of the neutron spectrum. We fix t
02730
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2s1/2 occupied state at23.15 MeV, according to the experi
mental one-neutron separation energy in12Be, thed5/2 reso-
nance at the measured value of 2 MeV, and vary the ene
of a p1/2 resonance in order to reproduce the two-neut
separation energy in14Be. The results are also reported
Table I. A good agreement with experimental data is fou
for a p1/2 resonance at 0.29 MeV, leading toS2n

51.29 MeV to be compared to 1.3460.11 MeV. Therefore,
our model predicts a 1/22 ground state for13Be. We con-
clude that the inversion of 1/22 –1/21 neutron shells found in
11Be and 10Li takes also place in13Be. The wave function
has 25% of (d5/2)

2 and 45% of (p1/2)
2.

This is on one side consistent with the 1/21 ground state
of 11Be described as a neutron hole in the12Be core, as
discussed above. On the other side, the origin of the inv
sion of the neutron 1/21 and 1/22 shells in11Be is caused by
the strong coupling between the neutron and the 21 vibra-
tional state in 10Be at 3.37 MeV with aB(E2;01

˜21)
552 e2 fm4. The 12Be has its first 21 state at a lower energy
of 2.1 MeV, but no measurement of theB(E2) is available
for this nucleus. Following the global systematics defined
Ramanet al. @20#, whereB(E2;01

˜21) is proportional to
1/E(21), the B(E2) of 12Be should be larger than that o
10Be. This induces an increase of collectivity for the12Be
core. Therefore, one expects even larger coupling effect
the n112Be system. This is confirmed when looking at th
an strengths in the potential of Eq.~1! for the same neutron
s state in the three nuclei,11Be, 10Li, and 13Be: we find
larger absolute values of the strength~larger collectivity! for
smaller excitation energies of the 21 in the core, an
5210.55, 212.22, 223.33 and E(21)53.37, 2.7, 2.1
MeV, respectively.

In Table I are also given the rms radii of14Be calculated
by varying either the position of the 2s1/2 or the 1p1/2 state.
They are somewhat smaller than the measured radius in
last three cases, but still compatible with the large exp
mental uncertainties. We also calculate the rms distance
tween the two neutronŝr2&1/2 and between the two cente
of-mass of the core and of the two-neutron system^l2&1/2. In
a recent experiment, where the technique of two-neutron
3-2
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tensity interferometry has been applied to the dissociatio
14Be, a rms distance between the two halo-neutrons of
61.0 fm has been extracted@21#. Even though our values ar
all somewhat larger, we find a reasonable agreement for
cases where the 2s shell is occupied in13Be. As in 11Li, we
find that ^r2&1/2 is much larger than̂l2&1/2. The radius of
14Be is 3 fm with the radius of the two-neutron halo of 4
fm. The halo is not as pronounced as it is in11Li or 11Be, as
expected from the work of Riisageret al. @22# who show that
l 51 states are less favored thanl 50 states to build a halo
y
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As a summary, we have shown that only if the grou
state of13Be is a 1/22 state, unbound by about 0.3 MeV, ou
two-neutron pairing model can explain the known propert
of 14Be: the two-neutron separation energy, the rms radiu
the system, and the rms distance between the two halo
trons. This inversion of the neutron 1/21 and 1/22 shells, as
in the other two known cases11Be and 10Li, can be ex-
plained as due to the strong coupling between the neu
and the 21 vibrational state in the core. In the case of13Be
this coupling is expected to be even larger, as the 21 in 12Be
is lower than in the other two cases (10Be and 9Li).
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