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New mass measurements at the neutron drip-line
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Abstract. A new SPEG mass measurement experiment has been performed to determine masses closer to
the neutron drip-line in the mass region A ∼ 10–50. The precision of 37 masses has been improved and 8
masses were measured for the first time. The region covered was motivated by the study of shell structure
and of shape coexistence in the region of closed shells N = 20 and N = 28. The evolution of the two
neutron separation energies and the shell correction energy have been studied as a function of the neutron
number. The results thus obtained provide a means of identifying, in exotic nuclei, new nuclear structure
effects that are well illustrated by the changes of the conventional magic structure.

PACS. 21.10.Gv Mass and neutron distributions – 21.10.Dr Binding energies and masses

1 Introduction

The extension of known experimental properties up to
very neutron rich nuclei is of fundamental interest partic-
ularly for nuclear theory models which have been mainly
derived based on properties observed close to stability.
New experimental data deepens our understanding of nu-
clear structure evolution towards large fluid asymmetries.
The structure of neutron-rich nuclei is today the focus of
many theoretical and experimental efforts. Deformations,
shape coexistence or variations in the spin-orbit strength
emerging with the evolution of the neutron-to-proton ra-
tio can provoke the existence of magic numbers different
from those observed near stability. Such behaviour has
also been proven to be important in other domains. As
seen, for example, in nucleo-synthesis, where a quenching
of shell effects, and consequently of spin orbit splitting,
can provide for a better agreement between model calcu-
lations and observed abundances [1].
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In this context, the measurement of masses (or bind-
ing energy) of nuclei far from stability is of fundamental
interest for our understanding of nuclear structure. Their
knowledge over a broad range of the nuclear chart is an ex-
cellent and severe test of nuclear models. This is why con-
siderable experimental and theoretical efforts have been
and are invested in this domain.

In this contribution, we present new mass measure-
ments for neutron-rich nuclei in the region defined by
(5 < N < 28 ; 7 < Z < 18) obtained with the spec-
trometer SPEG at GANIL. These data correspond to the
most exotic nuclei presently attainable in this region and
provide first indications of new regions of deformation or
shell closures very far from stability.

2 Experimental set-up

The method used is a direct time of flight combined with
rigidity analysis technique (see fig. 1). The exotic nuclides
are produced by bombarding a 181Ta production target
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Fig. 1. Experimental set-up.

with an intense 48Ca primary beam (6 × 1011 pps) at
intermediate energy, 60 A · MeV. The dominant mecha-
nism at this energy is projectile fragmentation, after which
the forward-directed fragments are selected in flight by
the α-shaped spectrometer and transported to the high-
resolution spectrometer SPEG [2]. The very broad elemen-
tal and isotopic distributions resulting from such reactions
combined with the fast in-flight electromagnetic selection
can provide the mapping of an entire region of the nuclear
mass surface in a single measurement.

The 181Ta production target, placed between the two
superconducting solenoids (SISSI) of GANIL [3], rotated
at 2000 rpm, was composed of three different sectors with
thickness of 550 mg/cm2 (89%), 450 mg/cm2 (10%) and
250 mg/cm2 (1%). This ensured a sufficient production
of both very and less exotic nuclei, allowing to measure
a broad range of reference masses from which unknown
masses are derived. The mass is deduced from the relation

Bρ =
γm0v

q
,

where Bρ is the magnetic rigidity of a particle of rest mass
m0, charge q and velocity v and γ the Lorentz factor.
This technique requires only a precise determination of
the magnetic rigidity and the velocity of the ion, which is
determined from a time-of-flight measurement.

The time of flight (ToF) is measured using a pair of
microchannel plate detector systems located near the pro-
duction target (start signal) and at the final focal plane
of SPEG (stop signal). The flight times are typically of
the order of 1 µs for a path 82 m long. The intrinsic res-
olution of the start and stop detectors are of the order of
100–200 ps (FWHM) leading to a time-of-flight resolution
of ∆t/t ∼ 2 · 10−4.

The magnetic rigidity, δ, of each ion is derived from
two horizontal position measurements. The first measure-
ment is performed by a thin position-sensitive microchan-
nel plate system located at the dispersive image planes of
the analysing magnet, i.e. at the conventional target cham-
ber where the dispersion in momentum is large (10 cm/%).
The second is made by two drift chambers used after the
spectrometer. Thus reconstruction of the trajectories of
each ion is possible and we accurately determine the value
of the magnetic rigidity independantly of the object size.
A momentum resolution of 10−4 is commonly achieved.

The identification of each ion arriving at the focal
plane of SPEG is achieved by the measured ToF and the

Fig. 2. Experimental S2n values as a function of the neutron
number N in the region of N = 20 and N = 28 shell closures .

energy loss and total energy signals from a detector tele-
scope.

As a check that deduced masses are not affected by
the existence of isomers, the present mass measurement
are combined with a detection of delayed γ rays by a 4π
NaI array surrounding the telescope.

A mass resolution corresponding typically to ± 3 MeV
of the mass excess can be obtained from the combination
of the time-of-flight and the magnetic rigidity measure-
ment. For a nucleus A = 40, the final uncertainties range
from 100 keV for thousands of events (nuclei relatively
close to stability) to 1 MeV for tens of events (nuclei ap-
proaching the ends of isotopic chains).

3 Results of mass measurements

From this experiment and its subsequent analysis, the
masses of 80 neutron-rich nuclei have been measured. The
precision of 37 masses has been significantly improved
while 8 masses were measured for the first time. Details of
the analysis technique can be found in already published
papers [4,5].

The separation energy of the 2 last neutrons corre-
sponding to a derivative of the mass surface, S2n, derived
from the current and previous measurements are displayed
in fig. 2. A more direct way to see shell effects on nuclear
masses is to subtract from the mass excesses the contribu-
tion of the macroscopic properties of the nuclei. Here we
have used the finite range liquid drop model of [6]. The
difference —the microscopic or Shell Correction Energy
(SCE)— is plotted in fig. 3 for Z = 14 to Z = 20 isotopes
and fig. 4 for Z = 8 to Z = 13 isotopes. As can be seen
for both observables, i.e. experimental S2n and SCE, the
Ca isotopes (Z = 20) show the typical behavior of the
filling of shells with the two shell closures at N = 20 and
N = 28; sharp decrease of the S2n at N = 20 and a slow
decrease of S2n as the 1f7/2 shell is filled and SCE minima
at N = 20 and N = 28. In the rest of the article, the stan-
dard behavior represented by the Ca chain will be taken
as reference.
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Fig. 3. Shell corrections as defined in the text of the mass of
Si, P, S, Cl, Ar and Ca isotopes.

3.1 The N = 28 region

Contrary to the Ar and K isotopes, both S2n and SCE
values of the Cl, S, P and Si isotopic chains differ around
N = 28 from the standard behavior represented by the
Ca chain. A discontinuity in the S2n slope when filling
the ν1f7/2 shell (from N = 20 to N = 28) is strongly
pronounced for the Cl, S and P isotopes. This trend is
attenuated for the Si and Al chains. This overbinding, al-
ready observed in our previous mass measurement exper-
iment [7], but with large uncertainties, was attributed to
deformed ground state configurations. The observation,
in the same experiment, of a low excited isomeric state
in 43S [7], confirmed the analysis of the masses and con-
stituted the first shape coexistence in that region. More
detailed informations have been obtained for these nu-
clei by other experimental probes, i.e. Coulomb excitation
measurement for the S isotopes [8,9] and in beam gamma
spectroscopy experiment [10]; both conclude for deformed
ground state configurations.

Beyond N = 28, the isotopic P and S isotopic chains
show a clear increase of the S2n, this is an indication for
the vanishing of this shell closure for these very neutron-
rich nuclei. The standard behavior represented by the Ca
chain seems to reappear slowly when moving to the chains
of Cl and Ar. In order to determine the origin of the in-
crease of S2n for 44P and 45S, the present results should
be compared with model calculations.

For the neutron-rich nucleus 42Si, the protons confined
in the πd5/2 orbital (Z = 14 sub-shell gap) and theN = 28
gap together, could favor spherical configuration. Indeed,
our result for the mass excess of 42Si is around 3 MeV

Fig. 4. Shell corrections as defined in the text of the mass of
O, F, Ne, Na, Mg, Al and Ca isotopes.

smaller than the extrapolation of the mass table [11]. This
indicates that this nucleus is much more bound than what
one would obtain if the Si isotopic chain would follow the
standard trend of the Ca chain. This could possibly be an
indication of the strong deformation of 42Si.

Different theoretical approaches exist. On one hand,
shell model calculations performed by Retamosa et al. [12],
indicate that 42Si has the characteristics of a doubly
magic nucleus such as 48Ca. More recently, the interaction
has been adjusted to reproduce single-particle states in
35Si [13] and the shell gap 1f7/2-2p3/2 is steadily reduced
from its initial value of 2 MeV at Z = 20 until almost zero
at Z = 8. Therefore the closed-shell configuration becomes
vulnerable and at some point it becomes energetically fa-
vorable to promote neutrons across the gap, recovering
the cost in single-particle energies by the gain in neutron
proton quadrupole correlation energy. Moreover, those cal-
culations lead to a deformed 43S ground state with spin
3/2− while the spherical single-hole state 7/2− would be
the first-excited state, in good agreement with experimen-
tal data. On the other hand, the calculations performed
by Lalazissis et al. [14] (relativistic Hartree Bogoliubov)
predict the breaking of the N = 28 shell gap below 48Ca
with a large deformed configuration for 42Si.

3.2 The N = 20 region

The value obtained for 23N mass excess is considerably
smaller (∼ 1.5 MeV ) than the extrapolation of the mass
evaluation 2003 value given by Audi et al. [11], which is
obtained assuming a regular behaviour of S2n. This in-
dicates that 23N with 16 neutrons is more bound than
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expected. This might be an indication for the existence
of a shell closure at N = 16 for very neutron-rich nuclei.
Also the value for the mass excess that we obtain for 24O
with 16 neutrons is lower than the value given in the mass
table, which again indicates that 24O is more bound than
what was thought previously. For the Ne and the Na iso-
topic chains the two-neutron separation energies decrease
much more steeply after N = 16 than after N = 20, which
is again an indication for the existence of the shell closure
N = 16 for this very neutron-rich nuclei. Moreover, the ab-
sence of the steep decrease after N = 20 for the Mg and
Al chains confirms the vanishing of this spherical shell
closure. Shell closure N = 20 starts to reappear for the
less neutron-rich isotopes of the Al and Si chains. Beyond
N = 20, for the Ne, Na and Mg isotopes, a rapid decrease
of S2n indicates that those isotopes may become unbound
rapidly with respect to the neutron emissions. If we add
one proton in the πd5/2 from the oxygen configuration, the
picture for the fluorine isotopes changes drastically. The
S2n values decrease continuously to almost zero for 29F.
Only strong shell effects could bind the heaviest known
fluorine isotope, 31F.

The shell correction energies from fig. 4 nicely show
the shell effect evolution in that region and confirm the
previous discussion on the experimental S2n values. If we
start from the O isotopes, we clearly observe two N = 8
and N = 16 minima with a rather high, 5 MeV, difference
in magnitude between them (O with N > 16 do not exist
as bound nuclei). The gap at N = 16 still persists when
we add a proton in the πd5/2 shell, but the amplitude

decreases smoothly up to 29Al. Moreover, the SCE confirm
the vanishing of the shell closure at N = 20, SCE are
maximized at N = 20 for the F, Ne, Na and Mg isotopes.

More recent shell model calculations [15] interpret
this disappearance of the magic number N = 20 by the
inversion of the order of the shells due to the dependence
of the neutron-proton interaction on the combination of
their spin in the nucleus (nucleon-nucleon spin-isospin
Vστ interaction). In that region, the basic mechanism of
this change is the strongly attractive interaction between
spin-orbit partners πd5/2 and νd3/2. As Z increases from 8
to 14, valence protons are added into the πd5/2 orbit. Due
to the strong attraction between a proton in πd5/2 and a
neutron in νd3/2, as more protons are put in πd5/2, a neu-
tron in νd3/2 is more strongly bound. The magic number
N = 20 should be therefore replaced by N = 16 for the
nuclei in this region very far from stability, and that this

phenomenon should occur over all the chart of the nuclei.
In particular, the non-observance of 28O, a doubly magic
nucleus in theory, could also be explained by this modifi-
cation of its shell structure.

4 Conclusions

The direct time-of-flight method with SPEG is a powerful
method for measuring masses up to the neutron drip-line
in the mass region A ∼ 10–50. This paper presents prelim-
inary results of 8 new masses and 37 masses measured with
a better precision than previously. The final result will
be published in a future publication. The experimental
shell corrections and the two neutron separation energies
have been calculated. The results thus obtained provide
a means of identifying new nuclear structure effects that
are well illustrated by this work in the N = 16, N = 20
and N = 28 region.
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