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Abstract. Cross-sections of the main reaction channels for the collision **Ne 4 2°®Pb at 7.9 MeV /u were
studied using the radioactive ion beam delivered by the SPIRAL facility and the VAMOS-EXOGAM
experimental set-up. Angular distributions for the elastic and inelastic channels were extracted, together
with distributions for the +1n and —1p channels. A comprehensive description of the present data is made

within the GRAZING model approach.

1 Introduction

Multi-nucleon transfer (MNT) and deep inelastic collisions
(DIC) with radioactive beams at a few MeV/u are ex-
pected to become important tools to reach nuclei further
away from stability and study their structure focussing
on near-yrast states. These studies are foreseen to be-
come important as a part of the SPIRAL2 radioactive ion
beams physics program, in particular around the VAMOS
set-up, and with stable beams, around the S3 spectrom-
eter where products from deep inelastic and MNT colli-
sions will be separated and transported onto secondary
targets [1].

A wealth of nuclear-structure information is available
for MNT and DIC reactions induced by stable beams in
several mass regions, particularly for neutron-rich nuclei
(see [2] and references therein). Reaction mechanism stud-
ies have also been pursued in the last years to study the
mass and charge yields, cross-sections and distributions
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of total kinetic energy loss for multi-neutron and multi-
proton transfer channels (see, e.g., ref. [3] and references
therein). However, there is a lack of data for medium light
projectiles and, moreover, no data exist for reactions in-
duced by radioactive beams. The latter are needed for a
comprehensive understanding of the mechanisms under-
lying these reaction processes. These timely issues have
motivated the first measurement with a light radioactive
beam, performed employing the reaction 2*Ne + 20%Pb at
7.9MeV /u.

In transfer reactions induced by neutron-rich projec-
tiles, @Q-value arguments favour not only the pick-up of
neutrons and stripping of protons, but stripping of neu-
trons and pick-up of protons become available. The identi-
fication of these channels, not open for reactions induced
by stable beams, represents a first important step for a
comparison with theoretical models that use these degrees
of freedom as building blocks for the construction of the
isotopic distributions of the final products.

Results from this analysis, in terms of elastic and one-
particle transfer angular distributions are here reported.
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This is a very important aspect since the understanding of
the processes leading to nuclei far from stability through
this type of reactions is highly needed in view of exper-
iments with higher-intensity beams, expected to deliver
also relevant nuclear-structure information.

2 Experimental details

The experiment was performed using the radioactive ?Ne
beam, delivered by the SPIRAL ISOL facility [4], at a
laboratory energy of 7.9 MeV /u, well above the Coulomb
barrier. The beam intensity amounted to approximately
1.5 * 10° pps for the entire period of data taking of 6
days. A 208Pb target with a thickness of 10.9 mg/cm?
was chosen to guarantee a counting rate high enough to
obtain spectroscopic information through gamma-decay
measurements.

The experimental set-up consisted in the coupling of
the VAMOS spectrometer to the EXOGAM array, which
allowed the detection of projectile-like ions and ~-rays in
coincidence. The VAMOS spectrometer [5] was positioned
close to the grazing angle for this reaction (calculated to be
35° with respect to the beam direction after energy loss at
mid target). The y-rays emitted by projectile- and target-
like reaction products were detected by the EXOGAM
array [6], consisting of 11 segmented germanium Clover
detectors (9 of which were surrounded by their Comp-
ton suppression shields) placed around the target, with
a photopeak efficiency of 9% at 1MeV. The EXOGAM
detectors were calibrated in energy using the known tran-
sitions of the standard radioactive 7 sources, %°Co and
152Fu. The time between the central-contact discrimina-
tor of EXOGAM and the Si wall of VAMOS was recorded,
this information allowing to select true coincidences and
suppress the background due to random coincidences.

The spectrometer VAMOS consists of two large-
aperture quadrupoles, a Wien filter (not used in this
experiment) and a magnetic dipole operated in mass-
dispersive mode to separate the reaction products accord-
ing to their momentum to charge state ratio (p/@). The
focal-plane detectors of VAMOS consist of two position-
sensitive drift chambers, giving the coordinates at the fo-
cal plane (Xoc, Yfoc, 0roc and ¢roc), an ionization cham-
ber divided into 2 sections providing energy loss infor-
mation (AE), and a wall of 21 silicon detectors for the
measurement of the residual energy (E) of the trans-
ported ions. The time of flight (TOF) of the ions was
measured between the silicon detectors and the beam ra-
diofrequency. For additional details on individual detec-
tors see refs. [5,7].

Data reduction included the software reconstruction,
on an event-by-event basis, of the trajectory of the ions in
the spectrometer providing the coordinates and #-¢ angles
at initial target position. A description of the reconstruc-
tion algorithms is given in ref. [7]. The procedure used to
construct the mass spectra measured with VAMOS con-
sisted of two steps: first a AF-FE plot was incremented to
select the different elements (Z), and secondly the quan-
tities @ (ionic charge state) and A/Q (mass over charge)
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were reconstructed to identify the different isotopes. Z was
deduced from the ionic energy loss, AE, while the A/Q
ratio was calculated combining the TOF and magnetic
rigidity (Bp) measurements. In the reaction under anal-
ysis, dealing with rather fast light ions, two ionic charge
states were transmitted in the spectrometer, correspond-
ing to fully stripped and hydrogen-like nuclei, the second
being at the edge of the acceptance of VAMOS, and there-
fore partly cut. The population of other charge states is
expected to be of the order of few percents and they are
not transmitted to the focal plane of the spectrometer.
Data from the two charge states were sorted separately
and added together at the end.

The use of a large-acceptance spectrometer, such as
VAMOS, implies the need to correct experimental data
for the non-uniform transmission of the reaction products
through the spectrometer. The response function of the
VAMOS spectrometer, defined as usual as the number of
transmitted particles over the number of incoming parti-
cles, has been accurately studied and reported in ref. [8],
where the effective solid angle is shown to strongly de-
pend on rigidity. Measured data need, therefore, to be
corrected for such dependence on an event-by-event basis,
to account for acceptance losses. The dependence on the
rigidity ensures the correct treatment of each charge state
transmitted into the spectrometer.

As an example, the solid angle covered by the fully
stripped Ne isotopes transmitted to the focal plane is
shown, as function of the relative rigidity, by the filled
area in the three panels on the left of the fig. 1, compared
to the total solid angle (full line). From top to bottom
we see the acceptance of 23Ne, 24Ne and 2°Ne. One can
notice that 242°Ne nuclei lie in the region of larger accep-
tance, and, therefore, their distribution is little affected by
spectrometer cuts, in contrast with 23Ne.

3 Results
3.1 Isotope population

Figure 1 shows in 4 panels the mass distributions mea-
sured for this reaction with the present set-up. One ob-
serves the population of nuclei with different Z, rang-
ing from Na (Z = 11, namely one proton pick-up) to O
(Z = 8, two-proton stripping). The largest yield is con-
centrated on one-neutron pick-up (**Ne) and one-neutron
stripping channels (2*Ne). The mass spectrum of the Ne
isotopes detected in VAMOS was obtained requiring a co-
incidence with a y-ray detected in the EXOGAM array in
order to suppress most of the contributions from elastic
scattering of the beam. In this reaction, involving light
nuclei, only /~ 3 masses per ionic species are transmitted
to the focal plane of the spectrometer.

The spectrometer corrections applied to these data are
shown for each nucleus by stars in fig. 1. These corrections
are espressed as percentage of the solid angle viewed by
each species over the total. The severe acceptance cuts
on ?3Ne resulted in the poor statistics registered for this
isotope.
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Fig. 1. Mass spectra for the different nuclear species populated in the collison ?*Ne (7.9MeV /u) + 2°®Pb are represented in
the 4 panels on the right of the spectrum. The spectrum relative to Ne isotopes was sorted with the additional requirement of a
coincidence with a y-ray to reduce the contribution coming from the pure elastic channel, which dominates the statistics of the
OpOn channel. The solid angle viewed by the three isotopes of Ne (charge state @ = 10) is shown by the filled area in the three
panels on the left of the figure compared to the total solid angle as a function of the relative rigidity. From top to bottom we
see the acceptance of 2*Ne, ?*Ne and ?’Ne. The effective acceptance of each mass, espressed as percentage relative to the total,
is reported in each mass spectrum by stars (scale on the right axis of each panel). The experimental mass distributions shown
in the figure have been corrected for the spectrometer efficiency, as discussed in the text.

Table 1. Measured experimental yields of the detected nuclei
reported as percentage relative to the elastictinelastic chan-
nel *Ne, compared to GRAZING code predictions. The unit
corresponds to a cross-section of 3.5 % 10% mb/sr for the exper-
imental data and 3.6 * 10* mb/sr for GRAZING calculations.

Nucleus Channel  Experimental GRAZING
relative yield relative yield
#Ne 0pOn 100 (0.54) 100
#Ne (inelastic) 2.85 (0.09)

#Ne —1n 0.19 (0.02) 1.48
%Ne +1n 3.3 (0.10) 3.07
By —1p 0.65 (0.04) 0.4
2F —1p-In  0.55 (0.04) 0.003
g —1p-2n 0.13 (0.02) 0.002
20 —2p-1n 0.16 (0.02) 0.006
200 —2p-2n 0.21 (0.03) 0.006
190 —2p-3n 0.07 (0.01) 0.006
?"Na +1p+2n  0.17 (0.02) 3%1074
2Na +1p+3n  0.25 (0.02) 3%107°

In table 1 the relative yields for the production of the
isotopes populated in the present experiment are reported.
A sizable population of nuclei such as oxygen and flu-
orine is seen, being the observation of oxygen isotopes
(24:20:190), which correspond to —2p-1n,—2p-2n,—2p-3n
channels, of particular relevance. Only two Na isotopes

are detected, corresponding to 27?8 Na. In general this is a
useful result in view of future exploitation of this reaction
mechanism for studies of nuclei far from stability.

The last column of table 1 shows predictions obta-
nined using the semiclassical code GRAZING [9] inte-
grated over the same angular range accepted by VAMOS
in the present configuration. A description of the GRAZ-
ING code and a comparison between the results is given
in the next section. Both experimental data and predic-
tions are given as yields relative to the elastic+inelastic
channel, since this quantity can be directly compared to
results from future experiments.

In fig. 2 the v-ray spectra measured in coincidence with
the most intense channels, ?4?°Ne, are shown in the top
and bottom panels, respectively. These spectra have been
Doppler corrected on an event-by-event basis thanks to
the full reconstruction of the velocity vector deduced us-
ing the information from VAMOS. In the inset of each
panel the spectra of the corresponding target-like prod-
ucts, 298297Ph, are shown. The velocities of the beam-like
partners have been calculated assuming a two-body pro-
cess. The quality of the resulting v spectra confirms both
the nucleus identification and the reconstruction of its tra-
jectory into the spectrometer. We would also like to stress
the importance of coupling a y array to a spectrometer, in
order to certify the mass reconstruction, which is strongly
needed in experiments with low statistics.

In the gamma spectrum in coincidence with 2*Ne
(upper panel) the peak at 1981keV corresponds to the
27 — 0T transition, while the lines at 2614 and 583 kev
(inset) are the 3= — 07 and 5~ — 3~ transitions in 2°%Pb.
The lower panel shows the gamma spectrum correspond-



290

6
. 208Pb

woa

Counts/8 keV

N

J B
1000 2000 3000
E, keV]

Counts/8 keV
(%) S W

20
10
0 500 1000 1500 2000 2500 3000 3500
EY [keV]
S0 Ne —— s
:%::::::3300 %"
40 Yo 090 2.
C 5/2*ﬁ 1702 8
30F n

0 1000 2000 3000
E, [keV]

Counts/10 keV
S

—_
(=)

500 1000 1500 2000 2500 3000 3500
EY [keV]

Fig. 2. De-excitation spectra of >*Ne (upper panel) and Ne
(lower panel) are shown in the figure, together with the ~-
decay spectra of the corresponding target-like partners (208Pb
and 2°"Pb) in the insets. Main lines are indicated.

ing to 2°Ne and of the associated partner 2°"Pb in the
inset. In this spectrum one can identify the same transi-
tion measured via the neutron transfer (d, p) reaction re-
ported in [10]. In particular the decays from the 5/27 state
at 1703keV and at 2090keV from the 3/2" state can be
recognized. The ordering and the energies of these states
have been recently described by new USD calculations by
B.A. Brown and W.A. Richter [11]. The 3/2% state is de-
scribed as a vds;, neutron configuration, while the 5/ 2t
state is described as due to the coupling of the neutron
state vsy o to a 2T proton core excitation. A strong peak
between 500 and 600 keV is also observed in the spectrum,
corresponding to the miscorrected 569 keV peak of the de-
excitation of 2°7Pb, convoluted with 511 keV annihilation
peak. The figure also shows the decay scheme of 2°Ne de-
duced by the measured transitions. States depicted with
dotted lines are either not seen or not confirmed.

3.2 Angular distributions

Cross-sections associated to different reaction channels
were obtained using the procedure described in [12]. For
each scattering angle, two TKEL (total kinetic energy
loss) spectra are constructed: the first one is updated with
the only requirement of detecting a 2*Ne nucleus in VA-
MOS (dashed line in the inset of fig. 3), while the second
one requiring an additional coincidence with y-rays mea-
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Fig. 3. Ratio of the elastic to the Rutherford cross-section
over the angular acceptance of VAMOS (full dots) compared
to calculations by the GRAZING code (full line). Error bars
include statistical and systematic errors of the procedure. In
the inset we show the elastic peak (hatched area) obtained by
subtracting the y-gated TKEL spectrum (full line) from the
total TKEL spectrum (dashed line).

sured by the EXOGAM array (small peak shown with
the full drawn line in the inset of fig. 3). To account for
the efficiency of the v detection array, these two groups of
spectra are normalized in the region above 1.5 MeV, being
the first excited state at 1.9 MeV. The normalization fac-
tor deduced with this procedure is &~ 5%, consistent with
the measured average efficiency of the EXOGAM array
for gamma energies greater than 1.5 MeV.

By subtraction, one obtains the spectrum of the elas-
tic component (the peak with a hatched area in the inset
of fig. 3). A conversion factor from counts to mbarn is
then obtained by setting to 1 the ratio of the measured
counts to the Rutherford cross-section in the forward di-
rection, between 31°-33°. In fig. 3 the ratio between the
extracted angular distribution to the Rutherford cross-
section is shown in comparison with the corresponding
calculation obtained by the semiclassical model GRAZ-
ING. The agreement gives us confidence on the adopted
procedure.

The measured angular distributions associated to the
detection of ?*Ne are shown in panel a) of fig. 4. In par-
ticular the elastic+inelastic angular distribution is shown
with filled circles, the total inelastic is shown with open
circles while the inelastic excitation of the first 27 state
(1.9MeV) is shown with filled diamonds. The experimen-
tal inclusive (energy integrated) angular distributions for
the +1n and —1p channels are shown in panels b) and c)
of fig. 4, respectively, in comparison with the prediction
obtained by the GRAZING model. The evaluation of an-
gular distributions is limited to few masses owing to the
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Fig. 4. Angular distributions for the most intense channels: OpOn, +1n, —1p. Data are shown by symbols and calculations
by the GRAZING code by full lines. The counts-to-mbarn convertion factor obtained from the comparison shown in fig. 3 has
been applied to experimental data. In the case of >*Ne (panel a)) the figure shows the total angular distribution (full dots), the
distribution for the inelastic channels (open dots), obtained by requiring a coincidence with any 7-ray measured in EXOGAM,
and the angular distribution obtained in coincidence with the 2* — 0% transition at 1.9 MeV (full diamonds). In all panels

error bars reflect the statistics and systematic errors.

limited statistics of the dataset. In particular the distri-
bution of 23Ne is not considered since this nucleus lies at
the limits of the acceptance, as described before.

The semiclassical model GRAZING treats the trans-
fer as a sequencial flow of particles, and it is consequently
well suited to describe the total cross-sections and angu-
lar distributions of channels corresponding to the trans-
fer, both pick-up and stripping, of one particle, while it
usually underestimates the transfer of multiple particles,
whose description requires the inclusion of more compli-
cated processes.

The agreement between the measurement and the cal-
culation is very good for the elastic+inelastic channel,
and reasonably good for the +1n and —1p channels. The
discrepancy seen in forward angles for the +1n channel
may be related to a contribution from deep inelastic pro-
cesses that are not taken into account in the theoretical
description.

One has to note that this reaction represents an im-
portant benchmark case for the GRAZING model itself,
which was developed for heavier species and proved to
successfully describe reactions that involve the transfer of
many nucleons for masses A > 40. The drastic change in
charge and mass when removing/adding even a single nu-
cleon complicates, in these light nuclei, the description of
the reaction mechanism. Moreover at these bombarding
energies one expects an interplay between direct reactions
and deep inelastic collisions, whose contributions, due to
the limited statistics and angular coverage of the present
experiment, are difficult to unfold.

In order to have a complete picture of this reaction
one would need to measure it on a larger angular range.
An increased beam intensity will then allow to study also
the weakest channels. The comparison of the same reac-
tion induced by the stable beam ?2Ne will add valuable
information on the evolution of this reaction mechanism
as a function of N/Z.

4 Conclusions and perspectives

In summary the present work has provided the first ex-
perimental information for a collision induced by a light
radioactive beam on a heavy target, at energies around
the Coulomb barrier. Angular distributions of a few chan-
nels could be studied and found in rather good agreement
with predictions from a semiclassical model. Further in-
vestigations are needed for a better understanding of the
reaction mechanism leading to multiple nucleon transfer.
The sizable measured yields point to a future exploitation
of this reaction mechanism for studies of nuclear structure
in experiments with increased beam intensities.

The authours would like to acknowledge the help and sup-
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making it possible to run a very smooth experiment, and the
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knowledge, in particular, A. Navin and M. Rejmund for their
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tially supported by the EU through the EURONS project un-
der contract No RII3-CT-2004-506065 and by OTKA (Hun-
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