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Reaction dynamics and nuclear structure of moderately neutron-rich Ne isotopes
by heavy-ion reactions
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The heavy-ion reaction 22Ne + 2%Pb at 128 MeV beam energy has been studied using the PRISMA-CLARA
experimental setup at Legnaro National Laboratories. Elastic, inelastic, and one-nucleon transfer differential
cross sections are measured and global agreement is obtained with semiclassical and distorted-wave Born
approximation (DWBA) calculations. In particular, the angular distribution of the 2+ state of >*Ne is analyzed by
DWBA and a similar calculation is performed for the unstable 2*Ne nucleus, using existing data from the reaction
24Ne + 2%8Pb at 182 MeV (measured at SPIRAL with the VAMOS-EXOGAM setup). In both cases the DWBA
model gives a good reproduction of the experiment, pointing to a strong reduction of the 8§ charge deformation
parameter in 2*Ne. This follows the trend predicted for the evolution of the quadrupole deformation along the Ne

isotopic chain.
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I. INTRODUCTION

Low-energy transfer reactions with heavy ions have re-
cently become a powerful tool for the production and in-
vestigation of exotic neutron-rich systems not accessible by
standard fusion evaporation reactions [1,2]. In particular, the
combination of a large acceptance magnetic spectrometer with
a high efficiency and high resolution multidetector array for
y spectroscopy (based on Ge detectors) has turned out to be
a key instrument in linking reaction dynamics and nuclear
structure studies far from stability [3,4]. Recent work, focusing
on nuclei in the mass region around doubly magic “®Ca, have
clearly demonstrated the possibility of employing heavy-ion
transfer reactions both for detailed particle-spectroscopy (with
enhanced sensitivity to specific excited states by y-gating
techniques) and to perform full in-beam y spectroscopy (i.e.,
angular distributions, polarizations, and lifetime analysis)
[5-7]. That work has outlined a new method which can
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become very valuable for future investigations, also in the case
of radioactive heavy-ion beams, providing complementary
information to transfer reactions with light targets.

In this paper, we discuss the results of a similar analysis on
light neutron-rich nuclei around ?*Ne, which are instrumental
for the understanding of the evolution of the shell structure
moving towards the neutron drip line. This is the region close
to the so-called island of inversion, where a weakening of
the N = 20 magic number has been observed. In particular,
we present the study of the dynamics of the heavy-ion binary
reaction 2*Ne + 2®Pb (at 128 MeV), performed at Legnaro
National Laboratories with the PRISMA-CLARA setup, al-
lowing for particle-y coincidence experiments. The analysis
focuses on the measurement of differential cross sections for
the elastic, inelastic, and one-particle transfer channels. The
experimental data are interpreted by the semiclassical model
GRAZING [8] and by the distorted-wave Born approximation
approach (DWBA), implemented in the code PTOLEMY [9].
The latter can be used to obtain information on the parameters
of the optical model potential, which are directly connected
to the structure and deformation of the colliding nuclei. In
the case of the inelastic scattering to the 2% state of >’Ne,
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FIG. 1. Mass spectra of the most intense isotopic chains produced in the 2*Ne + 2*Pb reaction. (a) Pure neutron transfer, (b) one-proton

stripping, and (c) one-proton pickup reaction channels.

the present results are also compared with existing data
from the reaction 2*Ne + 2%Pb (at 182 MeV), obtained in a
similar experiment at GANIL using the VAMOS-EXOGAM
setup, starting from the radioactive >*Ne beam from SPIRAL
[10]. In both cases, a DWBA analysis is performed and B
deformation parameters for the nuclear charge distributions are
extracted and compared to existing experimental values and to
predictions of the evolution of the quadrupole deformation
along the Ne isotopic chain. The results follow the trend
predicted by various calculations, supporting the existence of
a deformation minimum at 2*Ne (N = 14).

The paper is organized as follows. In Sec. II we describe
the 2*Ne + 2%8Pb reaction and the experimental setup, briefly
recalling the procedure adopted for the identification of the
reaction products in the magnetic spectrometer. In Sec. III
we discuss the main points of the analysis, which focuses on
the study of the elastic, inelastic, and one-nucleon transfer
channels. Emphasis is given to the inelastic scattering data
and their interpretation by the DWBA model. Conclusions are
given in Sec. IV.

II. EXPERIMENT

The experiment was performed at the Legnaro National
Laboratories of INFN, using the PRISMA-CLARA experi-
mental setup [11]. The ?>Ne beam, provided by the PIAVE-
ALPI accelerator complex at 128 MeV of bombarding energy,
impinged on a 2%®Pb target 300 ug/cm? thick, sandwiched
between two layers of '>C (10 and 15 pg/cm? thick respec-
tively). The magnetic spectrometer PRISMA, described in
Refs. [12-15], was placed around the grazing angle for this
reaction, which has been estimated to be ),, = 70°. PRISMA
consists of one quadrupole and one dipole magnet, with a solid
angle of 80 msr (corresponding to £6° in 6 and £13° in ¢), a
momentum acceptance Ap/p = 10%, and adispersion of 4 cm
per percent in momentum. Being based on a system of entrance
and focal plane detectors (consisting of a microchannel plate
detector and an ionization chamber plus an array of parallel
plates of multiwire type, respectively), the trajectory of the
ions in the PRISMA spectrometer can be reconstructed, event

by event. As described in detail in Ref. [5], the identification
of the reaction products is achieved (i) by determining the
atomic number Z through the energy released in the ionization
chamber and (ii) by determining the A/q ratio via time-
of-flight and ion trajectory measurements for each charge
state g. The coupling of the PRISMA spectrometer with the
y-array CLARA, placed opposite to PRISMA, made possible
particle-y coincidence measurements for each ion detected
in the magnetic spectrometer. In the present experiment, the
CLARA array consisted of 21 high-purity germanium (HPGe)
clover detectors covering a solid angle of 2w, with a total
efficiency of the order of 2.5% at 1.3 MeV.

Figure 1 shows the mass spectra for the most intense
products populated in the *’Ne +2%Pb experiment. They
correspond to pure neutron transfer (0p), one-proton stripping
(—1p) and one-proton pickup (41p) reaction channels. As
already observed in a similar work on heavier systems around
“8Ca [5], a slight asymmetry is visible in the one-proton
transfer products, pointing to a favorable population of lighter
(heavier) masses in the stripping (pickup) channels.

III. ANALYSIS

The aim of the present work is the evaluation of absolute
differential cross sections for elastic, inelastic and one-particle
transfer channels. For this purpose, the response function
of PRISMA for the specific >*Ne + 2%Pb reaction had to
be determined by the Monte Carlo procedure described in
Ref. [15]. This is needed for a correct treatment of the measured
yields, which can be strongly affected by the transmission
into the spectrometer, especially at the edges of the angular
acceptance. As a second point, the elastic channel was studied
in detail in order to provide both a reference scale for cross-
section measurements and the starting point for a reaction
dynamics investigation.

Following the method described in Ref. [16] and suc-
cessfully applied in previous works [5,10,16], total kinetic
energy loss spectra (TKEL), defined as TKEL = — Q,jye,
were constructed, as a function of the scattering angle, for
the 2’Ne ions detected in PRISMA. They were used to obtain
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FIG. 2. (Color online) TKEL spectra for 2Ne ions detected by
PRISMA (thin red line) and in coincidence with y transitions detected
in CLARA (thick blue line). The shaded area is the difference
spectrum corresponding to elastic events. Inset: Elastic cross section
over Rutherford cross section as a function of the scattering angle. The
experimental data (circles) have been normalized in the Rutherford
region to the theoretical calculation performed by the code GRAZING
(thin black line). The calculation performed by the PTOLEMY code
(with the optical model parameters listed in Table I) is shown by the
thick red line.

the elastic cross section by subtracting TKEL spectra of >Ne
measured in coincidence with y transitions detected in the
CLARA array. The latter represent the inelastic contribution
to the TKEL distributions. Due to the different efficiencies
of the PRISMA and CLARA setups, this subtraction can be
performed only after a proper normalization of the two spectra.
This is done in the high excitation energy region (above 4 MeV)
where the total and inelastic TKEL spectra must coincide, as
shown in Fig. 2. The difference spectrum (shaded area) is a
peak centered at TKEL ~0, witha FWHM of ~2.5 MeV, which
agrees with t he energy resolution of the experimental setup.
It consists of elastic events, whose ratio with the Rutherford
cross section, over the angular acceptance of the magnetic
spectrometer (64° < O, < 76°), is shown in the inset of
Fig. 2. The experimental data have been normalized, in the
pure Rutherford region (6, = 66.5°), to the theoretical ratio
Oe1/ORruth, calculated by the semiclassical code GRAZING [8].
This allows us to both extract a conversion factor between
counts and mb/sr (i.e., 1 mb/sr = 215 counts) and confirm
the validity of the experimental procedure. To further check
this experimental result, a more detailed study of the elastic
cross section was done with the DWBA model implemented
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FIG. 3. (Color online) Inclusive angular distributions for the most
intense reaction channels **Ne, Ne, and 2!'F. Symbols correspond
to experimental data, solid lines to theoretical calculations by the
semiclassical model GRAZING [8].

in the PTOLEMY code [9]. The parameters used for the nuclear
potential, reported in Table I, were obtained by fitting the
Oel/ORuth €Xxperimental data and are consistent with the values
used by the GRAZING model (see the discussion of inelastic
scattering for a detailed description of the parameters). The
result of the PTOLEMY calculation is shown in the inset of
Fig. 2 by the thick solid line.

The extracted conversion factor between counts and mb/sr
WAS kept as a reference for the following analysis of
differential cross sections. Figure 3 shows the inclusive (energy

TABLE L Parameters of the Wood-Saxon optical potentials describing the collisions 2*Ne + 2°*Pb at 128 MeV and **Ne + 2°*Pb at 182 MeV.
V and W indicate the depth of the real and imaginary parts, ay and ay the corresponding diffusenesses. ry and ry are the radii of the real and
imaginary potential, while r¢ is the radius of the Coulomb potential, for which standard values are used. The B, deformation parameters were
obtained by fitting the inelastic cross section. It is assumed 8, = B = BY. (See text for details.)

1% ry ay rw aw re B2
(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
2Ne 67.37 1.167 0.668 19.26 1.167 0.668 1.25 0.370
2Ne 66.98 1.167 0.671 35.00 1.167 0.671 1.25 0.075

064621-3



S. BOTTONI et al.

integrated) angular distribution for the elastic channel [*’Ne in
Fig. 1(a)], the one neutron pickup channel [>Ne in Fig. 1(b)],
and the one-proton stripping channel [>'F in Fig. 1(c)], which
are the most intense reaction products. The experimental data
are compared with theoretical calculations performed by the
semiclassical GRAZING model, which is able, in general, to well
describe one-particle transfer processes in low-energy heavy-
ion binary reactions [1,8]. We see that the experimental angular
distributions are rather well reproduced by the calculations,
with a global agreement between data and theory. Similar
quality of agreement was also obtained for the one-nucleon
transfer channels in the work of Ref. [10], where the more
exotic 2Ne and 2’F channels were studied, following the
heavy-ion reaction >*Ne 4+ 2%Pb. This indicates that the basic
ingredients entering the prescription of the reaction dynamics
by the GRAZING model are still valid in the case of heavy-ion
reactions induced by rather light systems such as Ne isotopes,
and moving away from the stability valley.

The y spectra measured by the CLARA array in coinci-
dence with the most intense 22Ne, 2°Ne, and 2!F channels are
shown in Fig. 4. They have been Doppler corrected, on an
event-by-event basis, using the velocity and angles provided
by the trajectory reconstruction in the PRISMA spectrometer.
In all three cases, the decay from the first excited state is
clearly observed. Moreover, in the case of 22Ne, the 2T — 0*
transition at 1275 keV has enough statistics to determine
the differential cross section for the inelastic scattering to
the 2% state. This has been done by integrating the area of
the 1275 keV peak for each 6, angle covered by the
acceptance of PRISMA. As reported in Ref. [5], this procedure
provides the direct population of the first excited state, after
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FIG. 4. y spectra of 2?Ne, »Ne, and 2'F. In each spectrum the
y transition from the first excited state to the ground state is clearly
visible. For 22Ne, the arrow indicates the position of the 47 — 2+
decay, at 2083 keV, not observed in this experiment.

PHYSICAL REVIEW C 85, 064621 (2012)

subtracting the feeding contribution from higher lying levels
and taking into account the y efficiency of the CLARA array.
In this case, the feeding from the 4T — 2% decay is negligible,
as indicated by the absence of the corresponding y peak
in Fig. 4(a), while at most a 25% feeding contribution can
be expected from higher lying states around 5 MeV. This is
suggested by the presence of a high-energy tail in the TKEL
spectrum gated by the 2t — 0% y transition, as shown in the
inset of Fig. 5(a). In the same panel, the results (open symbols)
are presented together with the data corrected for this feeding
contribution (filled circles). In Fig. 5(b) we present inelastic
scattering data taken from Ref. [10], relative to the 27 state of
the unstable *Ne, populated by the 2*Ne + 2°*Pb reaction at
182 MeV.

Calculations of the inelastic scattering to the 2 state were
performed for both experiments, using the DWBA model,
implemented in the code PTOLEMY [9]. For the Woods-Saxon
optical model potentials we used the parameters reported
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FIG. 5. (Color online) (a) Angular distribution of 2>Ne ions
measured in coincidence with the 2T — 07y transition of 1275 keV.
Filled (open) symbols refer to the analysis performed on the y
spectrum of ?Ne taking (not taking) into account the feeding
from high-lying states around 5 MeV. Inset of (a): inelastic TKEL
spectrum of 2?Ne and the contribution coming from the 2+ — 0%
y decay (shaded area). (b) Angular distribution of ?*Ne, measured
in coincidence with the 2* — 0% y transition of 1982 keV. Inset
of panel (b): elastic over the Rutherford cross section of >*Ne, as
a function of the scattering angle. Experimental data are indicated
by symbols, while theoretical calculations performed by the code
PTOLEMY (GRAZING) are given by thick red (thin black) lines. Data
for 2*Ne are taken from Ref. [10]. (See text for details.)
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FIG. 6. (Color online) Angular distributions of >*Ne and 2*Ne measured in coincidence with the corresponding 2* — 0% transitions.
Symbols refer to data, lines to DWBA calculations performed by the PTOLEMY code, assuming different values for the parameters 85 and 85,

as given in the legends. (See text for details.)

in Table I. In particular, the depth V and the diffuseness
ay of the real part were taken from the proximity potential
model [17], while the real radius ry and the imaginary depth
W were determined by the fit of the o¢j/oRrun €Xperimental
data [see Fig. 2 and the inset of Fig. 5(b) for **Ne]. The
assumption ry = ry and ay = ay was adopted for the radius
and diffuseness of the imaginary part of the nuclear potential.
Furthermore, we have put ﬂzc = ﬂév , because the fit to the
inelastic cross sections favored very similar values for the
nuclear and Coulomb deformation parameters. This is shown
in Fig. 6, where the sensitivity to the deformation parameters
B5 and B3’ is investigated for both **Ne and **Ne by changing
the optimal B¢ and B values by 25%. In particular, we
note that the fit of the inelastic distribution is not very
sensitive to the value of ﬂé\’ , while the variation of ,32C
influences the strength of the inelastic cross sections in a
similar way for both nuclei. As a consequence, in the following
we discuss our results only in terms of charge deformation
parameters ,82C .

The values for BS obtained by the experimental analy-
sis of ??Ne and **Ne are reported in the last column of
Table I and in Fig. 7(a) by filled diamonds. It is found that
22Ne has a rather large quadrupole deformation (By = 04),
with a value consistent with the one obtained by an earlier
analysis of 2?Ne 4 2%8Pb inelastic-scattering data, performed

with a rotational coupled-channel model [18]. In that work the
reaction ’Ne 4+ 2%Pb was also studied, and a very similar
value was obtained for ’Ne (following the 2°Ne + 2%8Pb
reaction), as shown by open diamonds in Fig. 7(a). On
the contrary, in the present analysis small values for the
deformation parameters of >*Ne are found (85 ~ 0.1).

It is interesting to compare our ,BZC values with the charge
deformation parameters derived from experimental B(E?2;
0" — 2%) measurements (Coulomb excitation or lifetime
analysis techniques). Such values can be obtained, for ex-
ample, by the droplet model of Ref. [19], or by applying the
first-order formula

B = (4n/3ZR3)[B(E2;0* — 20)/e2, (1)

with Ry = 1.2A'/3 the spherical radius of the nuclear charge
distribution. In Fig. 7(a) we show by open circles the “adopted”
,62C values [20], while filled circles refer to the most recent
measurements derived from intermediate energy Coulomb
excitation experiments (at MSU and RIKEN) and from
low-energy Coulomb excitation measurements (at ISOLDE)
[21-24]. These recent values are systematically lower than the
adopted ones, clearly indicating the difficulty in determining
experimentally a firm value for the ﬂzc parameter. Our results
are also significantly smaller than the adopted value. They
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FIG. 7. (Color online) (a) Quadrupole deformation parameter ﬁzc
of the nuclear charge distribution, along the isotopic Ne chain, as
derived from experiments. Filled diamonds refer to this work, open
diamonds to a similar analysis performed by Gross et al. [18], open
circles to the experimental adopted values [20], filled circles to the
most recent results from Coulomb excitation experiments [21-24].
(b) Theoretical predictions for the ground state deformation parameter
ﬁzgs, as indicated by the legend [26-28]. (See text for details.)

correspond to a 30% reduction in the case of 2Ne (which
could be accounted for by the uncertainty of the different
experimental techniques) and to a much larger suppression (of
the order of a factor of 5) for ?*Ne. In this case, the adopted
value corresponds to the only existing B(E2) measurement
via the lifetime technique, reported in Ref. [25]. Such a
large discrepancy is rather puzzling and definitely calls for
additional experimental investigation on the collectivity in
2*Ne, a nucleus of key importance for understanding the
evolution of shell gaps in light systems, moving towards the
neutron drip line.

In Fig. 7(b) we show the deformation parameters of
the ground state, ,853, obtained in three recent theoretical
calculations of the ground state of even Ne isotopes, such
as the deformed Hartree-Fock plus BCS calculations with
Skyrme interaction [26], the deformed mean-field approach
with BCS theory for pairing correlations [27], and the very
recent relativistic Hartree-Fock-Bogoliubov model [28]. We
note that these studies are found to reproduce quite accurately
the experimental charge radii of Ne isotopes (determined
by optical isotope shifts measurements [29]), across the sd
neutron shell. As shown in the figure, the models predict that
the deformation decreases close to the middle of the sd shell,
as a consequence of the closure of the ds;, subshell [29],

PHYSICAL REVIEW C 85, 064621 (2012)

which favors a spherical state or a small oblate deformation
for I™ = 0" and 2%, while a prolate deformation is expected
already at I™ = 47 [30]. Our data may suggest a similar trend,
but a direct comparison is not possible, because the transition
strengths are not calculated in these studies.

IV. CONCLUSION

In this paper we have studied the dynamics of the heavy-ion
reaction 2’Ne + 2%8Pb at 128 MeV beam energy. The experi-
ment was performed at Legnaro National Laboratories, using
the PRISMA-CLARA experimental setup, which allowed
particle-y coincidence measurements. Elastic, inelastic, and
one-nucleon transfer differential cross sections were measured
and compared with semiclassical and distorted-wave Born
approximation calculations, resulting in a global agreement
between data and theory. A key point of the analysis was the
study of the angular distribution of the 27 state of ’Ne by the
DWBA model, together with similar calculations performed
for the 2 state of the unstable *Ne nucleus, based on existing
data from the *Ne + 2%8Pb reaction at 182 MeV beam energy
[10]. In both cases the DWBA model gives a good reproduction
of the data and allows the determination of the ﬂzc deformation
parameter of the nuclear charge distribution. In particular, the
analysis provides a very small 5 value for **Ne. This is
consistent with the trend predicted for the evolution of ground
state quadrupole deformation 5° along the Ne isotopic chain,
which suggests a subshell closure at N = 14. Such a result
calls for additional experimental investigation on this nucleus,
which is of key importance for the understanding of the shell
structure along the Ne isotopic chain.

In conclusion, the present work demonstrates the validity
of heavy-ion reaction studies for both dynamics and nuclear
structure investigations, providing a fruitful method which
could be further exploited in the future for the investigation
of very exotic species. This will require the use of a high-
efficiency y-detector spectrometer, such as the AGATA array
currently under development [31-33], coupled to a large
acceptance spectrometer, such as PRISMA at Legnaro or
VAMOS at GANIL.
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