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Abstract. Recent studies on nuclear structure by using radioactive isotope beams available at the RIKEN
projectile-fragment separator (RIPS) are introduced. Special emphasis is given to two selected experiments
from recent programs that highlight studies on the magicity loss observed for very neutron-rich nuclei
beyond N = 20 in the “island-of-inversion” region; the particle stability of 3'F, and the low-lying excited

states of >*Mg.

PACS. 21.10.Dr Binding energies and masses — 23.20.Lv Gamma transitions and level energies — 25.60.-t
Reactions induced by unstable nuclei — 25.70.Mn Projectile and target fragmentation

1 Introduction

Radioactive isotope (RI) beams, bringing out a high
isospin degree of freedom, have given a great opportunity
to investigate nuclei far from stability and to reveal out
new phenomena and exotic properties in extreme condi-
tions of isospin asymmetry.

Under the leadership of Prof. Ishihara, such potentials
of the RI beam field have been demonstrated by the RI
beam program at the RIKEN projectile-fragment sepa-
rator (RIPS) [1]. RI beam intensities obtained at RIPS
in the light mass region are the world highest level, which
has been made possible by the combination of high-energy
and high-intensity primary beams with RIPS. RIPS has
large momentum and angular acceptances as well as a siz-
able maximum magnetic rigidity, hence has a high col-
lecting power of projectile fragments. These features were
adopted in taking into account energy dependences of RI
beam intensities. Based on the intense RI beams, unique
spectroscopic methods and techniques have been devel-
oped for nuclei with extreme isospin.

One of the manifestations of exotic properties in iso-
topes far from the stability line has been the magicity loss
around Z =~ 11 and N = 20 region, i.e., the so-called
island-of-inversion region. A particular feature in this re-
gion is the tendency toward prolate deformation in spite
of the effect of spherical stability due to the magicity of
the neutron number of 20 [2]. As a matter of fact, large
deformation has been experimentally suggested by 1) the
extra enhancement of the binding energies from the mass
measurements [3], 2) a very low energy of the first 2%
state of 32Mg reported by B-spectroscopy [4], and 3) a
large B(E2;0}, — 2{) value deduced for Mg by the
intermediate-energy Coulomb excitation method [5]. Re-
cently, the ' Na isotope was studied by Coulomb excita-

tion [6]. Such spectroscopy in the island-of-inversion region
has been limited to the NV = 20 isotones so far. Theoreti-
cally, the possible deformation in this region has attracted
much interest and several recent works are reported using
shell models [7-10] and mean-field approaches [9,11,12].
In this report, recent highlights of experimental results
on the N = 20 magicity loss at RIKEN are introduced
and reviewed. Experiments performed at RIPS have made
attempts to extend the investigation beyond N = 20.
Among them, two works are selected here; the particle
stability of nuclei related to the character of the extra
enhancement of binding energies, especially for 3'F [13],
and properties of low-lying excited states of 3*Mg which
provide more direct information on deformation [14].

2 Particle stability —mass spectroscopy

The experimental determination of the neutron drip line
is essential for the understanding of the nuclear stabil-
ity for extreme isospin asymmetry. An experimental diffi-
culty in the search for new isotopes beyond the heaviest
observed nuclei is the low production rates. These difficul-
ties have been considerably reduced by the high luminosity
obtained at RIPS.

The experiments of direct production and identifica-
tion of extremely neutron-rich nuclei toward the neutron
drip line have been performed by using °°Ti, *8Ca and
40Ar beams [13,15,16]. In the series of the experiments,
the nuclear chart in the light and extremely neutron-rich
region has been changed drastically, as summarized in
fig. 1. The highlights of the results [13,15] are the ob-
tained clear evidence of particle stability for 3'Ne and 3'F
as well as of particle instability for 220.

The particle stability of 3 Ne, which was confirmed by
using an 80A MeV *°Ti beam [15], was in contrast with
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Fig. 1. Results obtained from the experiments at RIKEN [13,
15,16], searching for new isotopes toward the neutron drip line.
The particle stability of *'Ne [15], 3"*¥Mg [16], “>** Al [16]
and *'F [13] has been established. In addition, clear evidence
of particle instability has been obtained for 242°N, 27220 and
30F [13]. Tt is remarkable that six additional neutrons can be
bound by moving from oxygen to fluorine, where Z differs only
by one. The sudden change in stability from oxygen to fluorine
indicates an extra push of stability for the very neutron-rich
fluorine isotopes.

most of the mass predictions as well as the previous ex-
perimental result [17]. 3!Ne is located at the deformation
region. Thus, the extra stability of 3!Ne may be due to the
deformation effect. Indeed, the particle stability of 3 Ne is
predicted by two theoretical studies including deformation
effects [18,19], which interestingly predict also the particle
bound character of 3'F.

The discovery of the particle stability of 3'Ne moti-
vated us to re-examine the location of the fluorine drip
line, i.e., to make an attempt for production and identifi-
cation of 3!F by using a 94 A MeV *°Ar beam [13]. The
previously observed heaviest fluorine isotope, ?°F with
N = 20 [20], had been in harmony with various mass
predictions with or without deformation effects included,
and had been suggested to be the drip line nucleus. We,
however, observed a new isotope 3'F for the first time, as
shown in fig. 2, and found that the heaviest isotope of flu-
orine has been extended up to 3'F with N = 22 beyond
N = 20.

At the same time, a clear evidence of the particle in-
stability of 20 was obtained. The question of the possible
stability of the double magic nucleus, 220, has attracted
much attention, even though the particle instability of
25,260 beyond 2*O had been clearly shown by two experi-
ments [17,21]. The expectation for 220 to be stable stems
from an enhanced stability anticipated from the double
magicity or the deformation. The stability of 220 has been
discussed in several theoretical papers based on both shell-
model and mean-field approaches, which however yielded
conflicting results. A previous attempt to search for 220
had been made by using a 36S beam [22]. In that work,
no events of 220 were observed, and the particle insta-
bility of 220 was obtained from a comparison with the
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Fig. 2. Two-dimensional A/Z versus Z plot, which was ob-
tained in the reaction of a 94.1 AMeV *°Ar beam on a tantalum
target [13]. A new isotope 31F is clearly visible. No events asso-
ciated with 2°N and 220 as well as 2N, 25:26:270 were obtained.
The dashed lines are drawn guides to the eye for the isotopes
with the same neutron numbers, N =27 +2 and N =27 +4.
Along the N = 2Z+4 line, the yields expected for 2°N and 220,
which lie between 2>C (905 events) and *'F (8 events), were
estimated with fair reliability by the interpolation method.

larger estimated yield for particle-stable 220. The yield
estimate was made by means of an extrapolation method
using the results of heavier isotones of N = 20. Such ex-
trapolation may, however, involve some ambiguities since
the Z, A dependence of the production cross-sections is
not well understood theoretically. In order to reduce the
possible uncertainty, an interpolation method was applied
for the isotopes with N = 27 4 4 as illustrated in fig. 2,
and to deduce clearly the expected yield of 280 [13]. It
was also concluded that the 242N and 3°F isotopes are
particle-unbound.

It has been confirmed that the heaviest nitrogen and
oxygen isotopes are 23N and 24O with the same neutron
number, N = 16, while the heaviest isotope of fluorine
has been extended up to 3'F with N = 22, as shown in
fig. 1. It is remarkable that six additional neutrons can be
bound by moving from oxygen to fluorine, where Z differs
only by one.

Theoretically, two studies [18,19], which include the
deformation effects, predict the particle stability of 3'F
and 3'Ne. However, one of them, the FRDM mass for-
mula [18] does not predict the particle instability of 260.
Another theoretical work in a shell-model approach [19]
demands strong configuration mixing between the sd and
fp shells to explain properties of nuclei in the deformation
region, but gives an over-binding to 220.
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A recent work in the Monte Carlo shell-model calcula-
tion by Utsuno et al. [10] reproduces fairly well the mea-
sured Sy, values for very neutron-rich even-even isotopes
in the Z = 8-12 region, which predicts, for instance, the
particle-unbound character of 26:220. According to the
calculation, the energy gap between 2s;,5 and 1ds,; in-
creases at N = 16 for the oxygen isotopes when the neu-
tron number is increased [23]. This leads to the appear-
ance of the new magic number 16 near the neutron drip
line [24].

The fact of the particle instability of 220 may sug-
gest a large shell gap between 2s;,5 and 1dz/, beyond
N = 16. Concerning the fluorine isotopes, on the other
hand, one additional proton into fluorine should play a
key role to bring out the deformation or the mixing of
sd and fp shells, hence to enhance the binding energies
for the very neutron-rich fluorine isotopes. Besides such
qualitative arguments, however, no quantitative attempts
have been made so far to reproduce all of the experimen-
tal findings of particle stability and instability obtained in
this region, especially for the particle stability of 3'F.

3 Spectroscopy for low-lying excited states

More direct information on deformation can be obtained
from the properties of the low-lying excited states. The
powerful method for in-beam ~+-ray spectroscopy with RI
beams has been the intermediate-energy Coulomb excita-
tion. This method developed at RIKEN by Motobayashi et
al. [5] allows us to determine E(2{) and B(E2; 0}, — 2{)
for very neutron-rich even-even nuclei even with relatively
low-intensity RI beams.

Intriguing aspects of this method, which are to be
compared with the traditional Coulomb excitation at
sub-Coulomb barrier energies, are the following two
points [25]. First, even in intermediate-energy reactions
at several 104 MeV the Coulomb part in E2 excitations
is dominant in comparison with the nuclear part when
Z numbers of projectiles are chosen to be larger than 10
and heavy targets like Pb are used. Secondly, such high-
energy RI beams allow us to use thick secondary targets
and to detect ejectiles efficiently due to the kinematical fo-
cusing, which bring out high reaction rates for relatively
low-intensity RI beams.

Since the virtue of the Coulomb excitation method at
intermediate energies was shown, this method has been
extensively employed for a large variety of even-even iso-
topes. Especially in the light and neutron-rich region, a
great contribution has been made by Glasmacher et al.
at MSU [6,26,27]. So far, such spectroscopy on low-lying
excited states is only limited to the case of the N = 20
isotones among the isotopes in the island-of-inversion re-
gion.

Concerning the possible deformation of *Mg, one of
the interesting features observed in the mass systemat-
ics is that the sudden enhancement of S5, binding en-
ergy at 3*Mg along N = 22 is larger than at 32Mg along
N = 20 [28]. This may suggest that Mg has a larger

deformation than 3?Mg. An experimental attempt to de-
termine the E(27) and B(E2;0/, — 2) values was once
performed for 3*Mg [27], but due to the low statistics,
no significant results have been deduced so far. Theoret-
ically, several works are reported based on either shell-
models or mean-field approaches. The recent shell-model
calculation [10] predicts a larger deformation of 3*Mg than
of 3>Mg. In order to clarify the basic mechanism for the
occurrence of the anomalous deformation, it should be de-
sirable to extend experimental studies beyond 32Mg.

To find whether and how deformation evolves in the
isotopes with N = 22, in-beam ~-ray spectroscopy on
34Mg has been made with an alternative method, i.e., the
RI beam fragmentation method by Yoneda et al. [14].

The RI beam fragmentation method is a modified
scheme of the fragmentation method originally proposed
by Azaiez et al. [29], which incorporates the projectile
fragmentation reaction to populate excited nuclei. As com-
pared to the Coulomb excitation method, the fragmen-
tation method affords a better access to higher excited
states, and hence opens a possibility to determine the
E(47)/E(2]) ratio. On the other hand, in general, in-
beam ~y-spectroscopy techniques with heavy loading of ~
detectors suffer from strong «-ray yields from other frag-
mentation products, which tend to overwhelm the limit of
counting rate acceptable for «-ray detection. This is par-
ticularly disturbing when one tries to study isotopes very
far from the original projectile, whose relative yields are
very small. To remove this difficulty, we have introduced
a modified scheme of the fragmentation method. Namely,
the 3*Mg isotope was produced in two steps: an RI beam
of 36Si was first produced from the *°Ar primary beam,
and the >*Mg isotope was produced in the subsequent pro-
jectile fragmentation of 36Si. In this scheme, 3*Mg differs
from the secondary projectile only by two nucleons so that
they share a fairly large fraction of the total y-ray flux.

The 36Si RI beam produced via the projectile frag-
mentation at RIPS was transported to a secondary tar-
get of YBe to be further fragmented to make **Mg nuclei.
The fragments produced were detected and identified with
a parallel-plate avalanche counter as well as four sets of
counter telescopes. Gamma-rays from fragments in flight
were detected with an array of the Nal(Tl) scintillators
surrounding the secondary target. Further experimental
details can be found in ref. [14]

Doppler corrected v-ray energy spectra obtained in co-
incidence with even-even isotopes, of which transitions
are known, were first examined to observe the system-
atic behavior of population in the fragmentation products.
For most of the isotopes observed, two ~y-lines appeared
strongly. The strongest transition always corresponds to
the QT — O;S. transition and the next strongest one
is in most cases attributed to the 47 — 2] transition.
This suggests that the excited states along the yrast line
tend to be favorably populated in the fragmentation re-
action. This trend, which was also observed in the 36S +
9Be reaction [29], may be used to tentatively assign the
~y-transition.
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Fig. 3. Doppler corrected v-ray energy spectra associated
with **Mg (a) and **Mg (b), obtained from in-beam 7-ray
spectroscopy using the RI beam fragmentation technique [14].
In spectrum (b) two sharp peaks can be seen at energies of
660 keV and 1460 keV.

The 7-ray energy spectra for 32Mg and 3*Mg fragments
are shown in fig. 3. In the spectrum for 32Mg, one can
see two prominent peaks around 885 keV and 1430 keV.
The strongest peak at 885 keV corresponds to the known
2f — Ogs' transition. According to an analysis of y-7 coin-
cidence, the coincidence relation between the two lines was
confirmed. These results are in good agreement with the
earlier experimental results obtained in the spectroscopy
following the 3¢S + 9Be fragmentation reaction [29].

The v-ray energy spectrum for 3*Mg, as shown in fig. 3
(b), clearly exhibits two significant y-lines at 660(10) keV
and 1460(20) keV to be attributed to 3*Mg. The spec-
trum involves some contamination peaks due to the ad-
jacent nucleus 3*Mg [14,30]. According to the systemat-
ics of the ~-ray intensities, the strongest line at 660 keV
can be assigned to the 2?’ — Ogs_ transition, resulting in

E(2]) = 660 keV. As for the next strongest line, the as-
signment is less certain. However, it is plausible that the
line corresponds to the 47 — 27 transition. With this
assignment, the value of E(47) is 2120 keV.

The E(27) value of 3*Mg can be compared with those
of other Mg isotopes. Among the isotopes, the energy of
660 keV is the lowest. The small E(2]) value of 3*Mg,
which is even smaller than that of 32Mg, suggests a very
large deformation for 3*Mg. The resulting value of the
E(47)/E(27]) ratio is about 3.2, close to the limit for ro-
tation nuclei, 10/3.

These results are compared with the predictions from
the recent theoretical works [8-10]. Among them, the
quantum Monte Carlo shell-model calculation [10] repro-
duces the experimental results very well, and the value
of E(2]) = 620 keV is predicted for *Mg. The pre-
dicted value of the F(4])/E(2]) ratio is 3.0, also in good
agreement with the experimental results. These results are
all suggestive that 3*Mg is indeed a very well-deformed
nucleus. Recently the B(E2) value was measured with
the intermediate-energy Coulomb excitation method at
RIPS [31]. The preliminary result indicates a B(E2) value
fairly larger than that of 3*Mg, further supporting a large
deformation of 3*Mg.

4 Summary

The exotic properties of very neutron-rich nuclei beyond
N = 20 in the island-of-inversion region have been ob-
served on the basis of the high luminosity obtained at
RIPS as well as the newly developed spectroscopic tech-
nique. The particle stability of 3!F and the particle insta-
bility of 220 have indicated a stability jump manifested
in the very neutron-rich fluorine isotopes. The energies
of low excited states for 3*Mg were observed via the in-
beam gamma spectroscopy with the RI beam fragmenta-
tion method, suggesting that 3*Mg has a larger deforma-
tion than 32Mg.

Spectroscopic methods developed at not only RIKEN,
but also other RI beam facilities will be naturally applied
in the RIKEN future program, called RI Beam Factory
(RIBF) project. The RIBF project was proposed to fur-
ther promote research fields by utilizing RI beams which
are now being used at RIPS. At RIBF, the range of ra-
dioactive nuclei will be expanded up to U, to enforce the
advantage of RI beams. According to the expansion of
available beams toward heavier nuclei, studies on the nu-
clear structure of very neutron-rich nuclei at N = 50 and
82 will be possible.

This work described here represents the efforts of many peo-
ple, whom I have tried to adequately reference. In particular,
most of the experiments presented here have been performed in
collaboration with University of Tokyo, Rikkyo University and
RIKEN. A part of the experiments for particle stability [13,16]
has been performed under the JINR-RIKEN collaboration.
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