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The study of the properties of neutron-rich nuclei far from stability is one of the most
exciting areas of modern research in nuclear physics. The progress in our knowledge of the
properties of these nuclei has enormously broadened because of the new radioactive ion beam
facilities and the development of very sophisticated fragment separators.

One interesting feature has been found in the region of the light neutron-rich nuclei. As it
was established in 1975 by C.Thibault et al. [1], neutron rich nuclei with N = 20 constitute a good
example of shape coexistence of spherical and deformed configurations (for example, 32Mg). In
the frame of the shell model, the deformed ground state in Mg is a consequence of the strong
correlation energy of 2p-2h neutron excitations from the sd- to the pf~shell. It was suggested that
the extra binding energy was gained by the deformation associated with the particle-hole
excitation across the N=20 shell gap. If a nucleus gains binding energy through deformation, the
drip line extends further than expected for a closed shell. Recent experiments at GANIL and
RIKEN were dedicated to the study of the stability of the neutron-rich nuclei with Z > 7 and
around N =20. The variation of the shell gap and deformation as a function of N and Z could be a
major challenge.

Modern radioactive nuclear beam facilities allow to produce and study intense beams of
very neutron-rich nuclei, previously unavailable. The aim of the experiments was to study the
particle stability of these nuclei, their masses, which constitute the basic knowledge of the

nucleus, and their spectroscopic characteristics.

Particle stability of neutron-rich nuclei at and around double magicity N=20 and
N=28

Among the recent experiments dedicated to explore the neutron drip line in the region of
elements from O t o Mg one could mention those on the particle instability of the neutron rich
oxygen isotopes 2?%0 [2-4] and on the discovery of the particle stability of >'Ne [5] and *'F [6].
The appearance of a so-called “island of inversion” with respect to the particle stability of isotopes
has been claimed through various theoretical predictions. A particular feature in this region is the
progressive development of a deformation in spite of the expected effect of spherical stability due
to the magicity of the neutron number N=20 [7-10]. It was argued that the deformation might lead
to enhanced binding energies in some of yet undiscovered neutron-rich nuclei.

The question of the possible stability of the double magic nucleus 0, had recently
attracted much attention, even though the particle instability of 2?0 beyond 2O has been clearly
shown by the experiments [2]. The expectation for 20 to be stable stems from an enhanced

stability anticipated from the double magicity or the deformation. The stability of 20 has been



discussed in several theoretical papers, which however yielded conflicting results. Recently, an
attempt to search for 280 has been made by using a **S beam [3]. No events of 2°0 were
observed, and the particle instability of 0 was concluded from a comparison with the larger
estimated yield in the case of particle bound character of 2%0. Such yield estimate was made by
means of an extrapolation method using the results of heavier isotones of N=20. This
extrapolation may, however, involve some ambiguities since the Z, A dependence of the
production cross sections is not well understood theoretically. In order to reduce possible
uncertainty, use of an interpolation method, which was once applied for the first evidence for the
instability of 20 , should be desirable.

The puzzle of the instability of double magic nuclide 20O become more intrigueness
regarding the next performed experiments. The recent discoveries of the particle stability of >'Ne
[5] and *'F [6], in contrast to most of mass predictions, have motivated us to re-examine the
location of the fluorine drip line. The production cross section of >'F was then obtained to be
about 0.15+0.06 pb. Two-dimensional A/Z versus Z plotis shown in Fig.1 , which was obtained in
the reaction of a 94.1AMeV “°Ar beam on a 690 mg/cm’ tantalum target during a 4-day run. A
new isotope *'F is clearly visible (8 events). No events associated with 2°N and 2*0 as well as N,
2526210 and *°F were obtained. In the case of the particle stability of 20 or °N, the associate
events are expected to appear inside the ellipses. The dashed lines are drawn guides to the eye
for the isotopes with the same neutron numbers, N=2Z+2 and N=2Z+4. The absence of events
corresponding to the *?%*"28Q isotopes as well as ***N and *F is clearly confirmed. For
instance, in the case of the particle stability of 20 or °N, the associate events are expected to
appear inside the ellipses in.Fig.1, while no events were found in those domains.

The particle stability of >'F gives strong evidence on the onset of deformation in the
region. One r;lagliunaerlme that the drip line for the fluorine-magnesium elements could move far

beyond the presently known boundaries.

The drip line for C, N and O isotopes is consistent with the closure of the v2s;,; orbital (as
it is shown in Table). Particle instability of %20 isotopes indicates that the v1d, orbital energy
is not low enough to bound nuclei. The additional proton makes the neutron potential deeper. For
the fluorine isotopes neutrons can fill completely the Ids, orbital for *F, and the If7; orbital
starts to fill in *'F.

Therefore, there is a great interest to study nuclei in the region of the neutron closure

N=28. Experimentally, the properties of “‘S have been studied and it was concluded that the



ground state of *4S is deformed. This result suggested a significant breaking of the N=28 closure
for nuclei near S.

We present the modern results of our attempt to determine the neutron drip line for the Ne-
Mg isotopes in the region of the neutron numbers N = 20-28. In particular, our experiment was
dedicated to the direct observation of the >'F, 3*Ne, 3’Na and 4OMg nuclei. These nuclei were
searched for among the fragmentation products of a 59.8AMeV “*Ca beam on a 160 Um tantalum
target. The very neutron rich beam and target were chosen to optimize the production rate of the
drip-line nuclei in accordance with the LISE code [11,12] and the results of the previous work
[13]. The mean intensity of the “*Ca beam was 150 pnA. The experiment benefited of a recent
update of the LISE [14] spectrometer to the LISE 2000 [15] level. The upgrade includes: an
increase of the maximum magnetic rigidity to 4.3 Tm, an increase by a factor of 2.5 of the angular
acceptance and a new line with improved optics. As a consequence, a total increase of a factor 10
in the production rate of the drip-line nuclei has been achieved with respect to using the standard
LISE spectrometer.

The reaction fragments were collected and analyzed by the LISE 2000 spectrometer
operated in an achromatic mode and at the maximum values of momentum acceptance (5%) and
solid angle (1.9 msr). The magnetic rigidity of the first and the second half of the spectrometer
was set at 3.48 Tm and 3.391 Tm, respectively. To reduce the overall counting rate due to light
isotopes a beryllium wedge with a mean thickness of 563 mg/cm® was placed at the momentum
dispersive focal plane.

In addition to the standard identification method of the fragments via time-of-flight (ToF),
energy loss (dE) and total kinetic energy (TKE), a multiwire proportional detector was placed in
the dispersive plane of the LISE 2000 spectrometer. This detector allowed measuring the magnetic
rigidity of each fragment via its position in the focal plane, improving the mass to charge
resolution (A/Q). The sensitive area of this detector was 10cm(H)x5cm(V), covering the full
momentum acceptance of the spectrometer. The cathode wires were individually read out. A
spatial resolution of 0.5 mm was achieved for a counting rate of 10 particles per second. The
typical efficiency for this particle detector was about 80%. The mass-to-charge ratio (A/Q) was
obtained with an accuracy of 0.8%. The selected fragments were implanted in a telescope
consisting of seven silicon detectors for the identification of the fragments. In the data analysis,
the fully stripped fragments were selected by putting gates on the total kinetic energy measured
with the silicon telescope.

The result of the particle identification based only on the dE, ToF, and TKE is shown in

Fig. 2a, where the energy loss measured in the first detector of the telescope is plotted versus the



time of flight (ToF) between the dE silicon telescope and the cyclotron radiofrequency. This
matrix was obtained from the data accumulated during 2.5 days with a mean intensity of the
primary beam of 150 pnA. The new isotopes *‘Ne (two events) and *’Na (one event) are clearly
visible. The discovery of *'F [6] is also confirmed. The *Ne and *'Na isotopes have also been
unambiguously identified by using the calculated value of A/Z. This value was obtained from the
ToF and from Bp, measured by means of the multiwire detector. The two-dimensional A/Z vs. Z
plot is shown in Fig. 2b. The presence of the events corresponding to **Ne and *’Na confirms that
these nuclei are bound. The one event of **Ne is absent in Fig. 2b due to the fact that the efficiency
of the multiwire detector is only 80% for light fragments. No events, which could be attributed to
Ne, **Na and 4()Mg, were observed.

Yields of N=2Z, N=2Z+2 and N=2Z+4 nuclei versus the Z-value are shown in Fig. 3. The
yield estimations for the fragments were calculated according to the LISE-code [12]. An attempt
to describe the experimental distributions of the fragments was undertaken by convolution of
Gaussian form of the beam velocity and of an exponential tail at lower energies.

The experimental data were fitted by the same value of 6 = 107 MeV/c (the parameter of
the momentum distribution in the convolution [12]) for the three different cases N=2Z, N=2Z+2
and N=2Z+4. For nuclei with N=2Z and N=2Z+2 we found an agreement between the
experimental and calculated values. The calculated values for the nuclei with N=2Z+4 is higher
than the experimental ones for Z greater than 6.

The most interesting nuclide in this region is “°Mg, which is probably not bound since no
counts have been observed. We estimated the upper limit for the production cross section of ““Mg
to be less than 0.06 pb. However, the present results do not allow drawing a definite conclusion
on the instability of “°Mg; this is also supported by the trend of the calculated yield in Fig. 3. The
production cross section for **Ne and *’Na was estimated to be about 0.17+0.12 pb and 0.060.06
pb, respectively. The cross section for >'F is estimated to be about 0.7 pb. This value for the
production of *'F in the reaction 59.8AMeV 48Ca+™Ta is about 5 times higher than in the
reaction 94.1AMeV “°Ar+Ta [6].

From the theoretical point of view, the description of the light nuclei in the sd-pf shells is
still a problem. In particular, the calculation of the binding energy for the very neutron rich
isotopes of O, F, Ne and Na is a real challenge. There are various theoretical calculations (viz., the
finite-range liquid drop model (FRLD) [16], two versions of the shell model (SM) [17-19], the
relativistic mean field theory [20] and the Hartree-Fock model [21]), which predict the position of
the neutron drip line in this region. For instance, the FRLD model gives a very strong binding

energy for ““Mg. In the frame of this model one- and two-neutron separation energies are even



above 3.4MeV. One may note that the FRLD model gives correct predictions for the stability of
3INe and *'F, implying nuclear deformation effects for both the macroscopic and microscopic
parts. According to the shell model predictions [18], the last bound isotopes are ‘O, ?’F, Ne,
"Na, ®Mg and ®*Al. However, slight changes of the drip line cannot be excluded since *"Na was
predicted to be bound only by 250 keV, while >'F, Mg and “*Al are unbound by 145, 470 and
550 keV, respectively. According to another shell model calculation [17] 260, **Ne and “*Mg are
the last stable isotopes against two-neutron emission, as indicated by their maximal binding
energy. Both SM and HF calculations for even-mass O, Ne and Mg indicate a disappearance of
shell magic numbers, and suggest an onset of deformation and a shape coexistence in this region.

The stability/instability of the present nuclei can be explained by taking into account
various degrees of mixing in the sd and fp shells, which are related to the deformation effects.
According to our results, the neutron drip line is extended beyond N=20 and reaches N=24 for
neon and even N=26 for sodium isotopes as a consequence of the mixing of the ds;, and fy, states,
while the N=20 shell closure disappears.

In summary, the neutron-rich isotopes **Ne and *'Na were observed using the newly
upgraded LISE 2000 spectrometer and the reaction “*Ca+™'Ta at 59.8 AMeV. Thus, most
probably, the neutron drip line has been reached for the neon and sodium isotopes. However, it
seems that to definitely conclude whether these isotopes do mark the drip line or do not will need

to perform further experimental efforts.

Mass measurement of heavy isotopes from Ne up to Ar
The question of particle stability is directly related to the masses and nuclear binding

energies, which are very sensitive to the existence of shells and may provide clear signatures of
shell closures. |

An experiment on mass measurement using a direct time of flight technique was
undertaken [22] in order to investigate the N=20 and N=28 shell closures for nuclei from Ne
(Z=10) to Ar (Z=18) and thus to bring some clarifications concerning the behaviour of magic
numbers far from stability. The nuclei of interest were produced by the fragmentation of an
E/A=60 MeV “Cabeam on a Ta target located in the SISSI device of the accelerator complex
at GANIL.

The two-neutron separation energies Sy, derived from the measured masses are
displayed in Fig.4. Such systematics are of particular interest as the S,, values correspond to a
"derivative" of the mass surface. The new data are presented with error bars while the others,

except the encircled data, are taken from Audi and Wapstra. The Ca, K and Ar isotopes show a



behaviour typical of the filling of shells, with the two shell closures at N=20 and N=28 being
evident at the corresponding sharp decrease of the Sy, for the next two isotopes and a
moderate decrease of S, for subsequent points as the filling of the next shell starts to influence
Son. The sharp drop at N=22, shown by the dashed vertical line and corresponding to the shell
N=20 is clearly visible through all the Si-Ca region, while going to lower Z to the Al-Na region
this drop seems to move towards lower N.

This was the reason why we made an attempt to clarify the situation of two-neutron
separation energies in this region. Sy, values must be positive and therefore, we included the
"expected" Sy values of the heaviest particle stable isotopes 2°N, 22C and *'F to the graph, they
are marked by circles. The "expected" S,, values for ***!F point out the region where they
probably have to be located due to their experimentally found particle stability (positive Sy,
values). Their values have been tentatively estimated as a half of the S,, value of preceding
particle stable isotope to ensure the most probable decrease of S,, values. The "expected" Si,
values of the heaviest particle stable isotopes >N and 22C have been placed in the plot to follow
the trent seen in oxygen isotopes with N >14.

These values are not crucial for determination of the shell closure at N=16, important is
only the fact that particle stable isotopes heavier than N and 2C do not exist. The inclusion of
the Sy, values for 2°F and >'F was most important, because this allowed us to observe the sharp
drop of ?’F value followed by a moderate decrease of Sy, values for 2F and *'F giving a very
clear evidence for the existence of the new shell closure at N=16 for fluorine. A similar behaviour
confirming the N=16 shell closure can be seen at the neon isotopes that exhibit a moderate
decrease of Sy, values for *’Ne and *°Ne. We have already mentioned that in the Al-Na region
the sharp drop in Sy, values.

It should be noted that the evidence for a new magic number N=16 [23] follows also frém
Fig.4 where the S;, values are plotted versus atomic number Z. The position of various
possible shells or pseudo-shells are also shown in the figure. The shells N=20 and 28 appearing in
Fig.4. As has been already pointed out by the Cl, S and P isotopes exhibit a pronounced change of
slope around N=26. Moreover, this change in the Cland S isotopes is confirmed by the sharp drop
at N=28.

The discontinuity observed at N=26 [24] can now be understood in a simple Nilsson
picture. For a prolate deformation of P~ 0.2, a large gap appears between the lowest three
orbits and the fourth orbital arising from the 1f;, and higher orbitals. Consequently, a
pseudo shell-closure can be considered to appear at N=26. Oblate deformations would not be

compatible with these observations. Consenquently, a pseudo-shell closure can be considered



to appear at N=26. As can be seen in Fig. 4 interesting new results have been also obtained for
the Ne to Al isotopes. In particular, the steep decrease of the Sy, for ***Mg suggests that
the Mg isotopes may become unbound at much lower neutron number than the predicted
value of N =28. However, further experimental and theoretical work is required to confirm

this conjecture.

Gamma-ray energy of the first 2* level for even-even nuclei.
Since the spectroscopic measurements can reveal details of the underlying microscopic

structures, the in-beam y-ray spectroscopy is an effective tool to check for shell closures. The
information on the energy of the first excited state and on the B(E2)(2" — 0") represents only the
first step to understand the structure and to estimate the deformation of the nucleus. Additional
information on relative intensities and the E(4")/E(2") ratio is also highly desirable. Such a
measurement can probe of the underlying microscopic structures, determine the shape of the
nuclei under study and give a new information on gaps between neighbour orbitals. Recently, in-
beam y-ray spectroscopy measurements [23,24] of a large number of exotic nuclei produced by
the fragmentation of *°S and **Ca projectiles on a thin Be target were performed at GANIL. In
the experiment the coincidences between the outgoing fragments collected and identified at the
focal plane of SPEG spectrometer and 7Y-rays measured using the array of 74 BaF, and four Ge
segmented clover detectors, covering roughly 80% of the solid angle around the target.

From intensity argument, the line at 3.1 MeV for the Doppler-corrected y-decay spectra of
220, observed for the first time [25] represents, the 2" —0" transition in 20 and thus extends
the systematics of the first 2" state energies of oxygen isotopes up to N=14. The dependence of
the gamma-ray energy of the first 2" excited state on neutron number for even-even nuclei‘is
presented in Fig.5. It should be noted that oxygen isotopes exhibit the lowest E(2") energy of 1.7
Mev for 20, i.e. near the half-occupancy of the ds, subshell (N=12) just like the Ne and Mg
isotopes do. However, the enhancement of E(2*) energy at N=14 for Ne and Mg is much smaller
than that for oxygen. If the enhancement seen in oxygen also appears in carbon it will be
another confirmation of the existence of N=16 shell in the C-Ne region. Moreover, we should
note that the non-existence of a bound excited state in N=16 isotones of carbon and oxygen
would also indicate the existence of shell at N=16.

As one can see in Fig.5, the energy of the first 2+ state for Ne isotopes rises from
1.25 MeV for Ne to 2 MeV for Ne and **Ne and then drops to 1.3 MeV for *Ne showing

the flat maximum for both 14 and 16 neutron numbers and suggesting a competition between the



1ds;; and 2sy,; orbits as well an elimination of the N=20 shell. On the other hand, Mg isotopes
show a steady decrease in the energy of 2" state, confirming the weakening of N=20 shell after
reaching the maximum at N=14.

In Fig.5 the y-ray energies of the first 2" state for even isotopes of S, Ar and Ca are
plotted. These nuclides exhibit pronounced maxima at N=20 shell, however, the strength of N=16
shell in these elements is very weak as these nuclides are no more neutron-rich but lie on the
proton-rich side of the valley of B-stability.

So we can conclude, that the strength of N=20 and N=28 shells is variable in the region
from carbon up to neon.

The authors would like to express their gratitude to the members of the FLNR
(JINR, Dubna) — GANIL -Orsay-Dubna-Rez-Bucharest and FLNR (JINR, Dubna)-
RIKEN(Japan) collaborations for the fruitful experimental efforts and discussions of the
experimental results obtained in the joint experiments. This work has been carried out with
financial support from PICS - (IN2P3) No. 1171, grant from INTAS 00-00463 and grant No. 96-
02-17381a of the Russian Foundation for Basic Research.



Table

Nuclide | Proton configuration Neutron Neutron Configuration
pb punbound | hoynd unbound, | Number p-bound unbound
B n(1p3n)’ 14 v(1dsp)®
“C m(1psp)* 16 v(2s1n)’
“N n(1pi)’ 16 v(2s1p)°
- “N , n(1pin)’ 18 ; v(1dsp)®
o - (1p1.2) 16 v(2si1p)
el Tt(lpl/z)z 18 v(ldm)f1
- o : n(1p1p) 20 , v(1dsp)
29F m(1dsp) 18 v(1dsp)
F m(1dsp)’ 20 v(1dsp)’*
°F m(1dsp)’ 22 v(1f)?
*Ne n(1dsp)’ 20 v(1dsp)*
*'Ne T(1dsp)? 21 v(1f;p)!
“Ne n(1dsp)’ 22 V(1)
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Two-dimensional A/Z versus Z plot, which was obtained in the reaction of a 94.1AMeV
“°Ar beam on a 690 mg/cm? tantalum target during a 4-day run. A new isotope >'F is
clearlgl visible (8 events). No events associated with >N and 20 as well as N, 2?6270
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a) Energy-loss versus total-kinetic energy identification matrix.

b) Two-dimensional A/Z versus Z plot, which was obtained in the reaction of a 58.94MeV
*Ca beam on a 161 mg/cm’ tantalum target during a 2.5-days run. The new isotopes **Ne
(two events) and *"Na (one event) are clearly visible. No events associated with *Ne, **Na
and “*Mg were observed.
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Mass measurement of heavy isotopes from Ne up to Ar
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Jlykpsanos C. M., Ilennonxkesuy 10. 3. E7-2002-237
OcoOeHHOCTH HEHTPOHHO-U3OBITOUHBIX afep B obnactu O-Mg

DKCNIEPUMEHTATFHO HCClieoBaHa IpaHWLia HEMTPOHHOH CTaGMJIBHOCTH B 06NiacTi
oT Kuciopona xo MaruHui. s sToro ucnons3oBaiica (parment-cemaparop LISE (GANIL,
®panuus). Beina BeiOpaHa peakims ¢hparMeHTalMd HOHOB 48Ca. Hopbie HEHTPOHHO-U36KBI-
Toubie usorons *Ne n 3'Na 6buin 06HapyXeHB KaK CBA3aHHBIE sapa cpely NMPOAyKTOB
peakuuu ¢parMeHTaluy HOHOB BCa. OIHOBPEMEHHO MOTYYEHb! CBHACTENLCTBA, YTO S-Ne
v 3Na sBnsI0TCS HecBS3aHHBIMMU.

TIpuBonATcs Takxe pe3yabTaTbl 3KCIEPUMEHTOB 10 U3MEPEHHIO MacC HEUTPOHHO-U30bI-
TOYHBIX sAep. AHAIM3 PHEPTHIl CBA3M, a TaKXe SKCIePUMEHTaNbHbIA (haKT SOCpHOH HecTa-
GIILHOCTH ABAXIbl MATHYECKOM CHCTEMbI 250 yKa3hIBAIOT HA M3MEHEHHe MarMyecKiX Yuce
1 saep ¢ 6onmpmuM U36HITKOM HEHTPOHOB B OOJIACTH OT YIVIEpoAa 10 KalbLKS.

Baxnag nnopMarus 0 MUKPOCKOTIHYECKOI CTPYKTYpe MOoNyyeHa B pe3y/bTare mocies-
HMX 9KCIEPUMEHTOB I10 H3MEPEHHIO Y -CIIEKTPOCKOIIMH B BTOM 00J1aCTH Saep. AHATU3UPYIOT-
sl 9KCIEPUMEHTANIbHBIE NAHHbIE 110 U3MEPEHUI0 27 -YpOBHEll I YETHO-YETHBIX SIep C Yu-
cnoM HelitpoHo N =12-32,

Pabora BrinosnHena B Jlaboparopuu sgepHbix peakuuid um. I'. H. ®neposa OUSIN.

IMpenpuar O6beANHEHHOr0 HHCTHTYTA SAEPHBIX MccnenoBanmnil. dy6ua, 2002

Lukyanov S. M., Penionzhkevich Yu. E. E7-2002-237
Peculiarities of O-Mg Isotopes at the Neutron Drip Line

The neutron drip line in the oxygen—magnesium region has been explored by the projec-
tile fragmentation of a 48Ca beam using the fragment separator LISe at GANIL. New neu-
tron-rich isotopes, 34Ne and 37Na, have been observed together with some evidence
for the particle instability of 3*Ne and 3®Na.

Recent data on mass measurements of neutron-rich nuclei at GANIL and some charac-
teristics of binding energies in this region are discussed. Nuclear binding energies are very
sensitive to the existence of nuclear shells and together with the measurements of instability
of double magic nuclide 30 they provide information on changes in neutron shell closures
of very neutron-rich isotopes from carbon up to calcium. The conclusion about rearrange-
ments in neutron shell closures is given.

The spectroscopic measurements can reveal details of the underlying microscopic struc-
tures, the in-beam vy -ray spectroscopy is an effective tool to check for shell closures. This re-
sult of the y-ray energies of the first 2% level for even-even nuclei for N in the range 12-32
is discussed.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.
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