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Abstract. Multinucleon transfer reactions have been investigated in 40Ar+208Pb with the Prisma+Clara set-up.
The experimental differential cross sections of different neutron transfer channels have been obtained at three dif-
ferent angular settings taking into account the transmission through the spectrometer. The experimental yields of
the excited states have been determined via particle-γ coincidences. In odd Ar isotopes, we reported a signif cant
population of 11/2− states, reached via neutron transfer. Their structure matches a stretched conf guration of the
valence neutron coupled to vibration quanta.

1 Introduction

A signif cant amount of experimental data on heavy ion
transfer reactions collected in the last decade has been shown
to be quantitatively described in a reaction model which
include elementary degrees of freedom, surface vibrations
and single particles [1]. The revival of transfer reaction
studies benef ted from the construction of the new genera-
tion large solid angle spectrometers based on trajectory re-
construction that reached an unprecedented efficiency and
selectivity. The coupling of these spectrometers with large
γ arrays allowed the identif cation of individual excited
states and their population pattern.

The understanding of the reaction mechanism depends
strongly on the determination of the absolute cross sec-
tions. For the large acceptance magnetic spectrometers it
becomes unfeasible to use complex magnetic elements to
correct for the ion optical aberrations, thus for the Prisma
spectrometer the solution of a simplif ed magnetic element
conf guration has been adopted, together with the concept
of trajectory reconstruction. To reconstruct the ion path
through the spectrometer and to determine the ion trans-
port devoted algorithms were developed. This procedure
is very important especially for grazing collisions where a
wealth of nuclei are produced in a wide energy and angu-
lar range and with cross sections spanning several orders
of magnitude.

The coupling of single particle degrees of freedom to
nuclear vibration quanta is very important for the under-
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standing of the transfer strength distribution. These effects,
still largely unexplored, are essential for the description
of many basic states in the vicinity of closed shells. In
this work we study the population of states of particle-
phonon nature in isotopic chains reached via multiple par-
ticle transfer mechanism. In more detail we present some
results for the neutron transfer channels populated in the
40Ar+208Pb multinucleon transfer reaction.

2 The measurement and data analysis

The 40Ar beam has been extracted from the ECR ion source
of PIAVE, pre-accelerated and injected into the supercon-
ductive Linac ALPI with f nal energy of Elab=255 MeV.
Ions with average intensities of ∼7 pnA were impinging
onto a ≃ 300 µg/cm2 208Pb target (99.9% isotopically en-
riched). Projectile-like fragments have been identif ed with
the large solid angle magnetic spectrometer Prisma [2–4],
while the coincident γ rays were detected with the Clara ar-
ray [5], situated in the hemisphere opposite to Prisma. The
40Ar+208Pb reaction has been measured at three different
Prisma angles θlab = 46◦, 54◦ (≈ θgrazing) and 59◦ to cover
most of the transfer f ux. The normalization for the differ-
ent measured angles was ensured by a silicon SSBD mon-
itor detector positioned at a forward angle. At the grazing
angle, coincident γ rays were measured for a longer time to
achieve sufficient statistics for detailed studies of the trans-
fer strength distribution over the f nal excited states.
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Fig. 1. Mass distributions of argon isotopes populated in
40Ar+208Pb at Elab = 255 MeV and at θlab = 46◦, 54◦ and 59◦
(from top to bottom). A mass resolution of ∆A/A ∼ 1/160 has
been obtained. Inserts display the same mass distribution in log-
arithmic scale. Please notice that the difference in yields between
40Ar and 43Ar at the most forward measured angle is more than 3
orders of magnitude.

An event-by-event reconstruction of the ion trajectory
inside the Prisma magnetic elements is done making use of
position information from the entrance and focal plane de-
tectors together with time-of-f ight [6]. The nuclear charge
has been obtained through the measurement of energy loss
and total energy. The quality of the trajectory reconstruc-
tion can be appreciated in Fig. 1 which shows the mass
distribution of the neutron transfer channels. The precision
of the reconstructed vector velocity can be seen also from
the Doppler correction of the coincident γ rays (see later).

To evaluate cross sections we have studied the response
function of the Prisma spectrometer which depends in a
complex way on the entrance angles and momenta of the
reaction products [7]. In more details, to calculate the re-
sponse function of the spectrometer we generate a distri-
bution that is uniform in energy and isotropic in angle. The
energy range of this distribution corresponds to the mo-
mentum acceptance of the spectrometer, while the angular
range is taken to be slightly larger than the Prisma entrance
area. The distribution is then transported to the focal plane
by a ray tracing code [7] with the same magnetic f elds
set in the experiment. The ray tracing code uses numer-
ical integrators to determine the trajectory of individual
rays through the electromagnetic f elds. The ratio between
the input uniform (E, θ) distribution and the distribution of
transported ions through the Prisma at the focal plane al-
lows us to def ne a correction factor. As an example, the
projection of the two-dimensional correction matrix as a
function of the θlab for 41Ar with different cuts in the ki-
netic energy is displayed in Fig. 2. The transmission fac-
tors through Prisma have been applied as a correction to
the experimental differential cross sections. As expected,
the major contribution is at the borders of the Prisma an-
gular acceptance, depending strongly on the kinetic energy
of the transported ions.

The bell shaped angular distributions of the neutron
transfer channels agree well, both in the shape and magni-
tude, with the predictions of the semiclassical model GRAZ-
ING [8]. This model calculates the evolution of the re-
action by taking into account, besides the relative motion
variables, the intrinsic degrees of freedom of projectile and
target. These are the surface modes and the single-nucleon
transfer channels. The multinucleon transfer channels are
described via a multistep mechanism. The relative motion
of the system is calculated in a nuclear plus Coulomb f eld.
The excitation of the intrinsic degrees of freedom is ob-
tained by employing the well-known form factors for the
collective surface vibrations and the one-particle transfer
channels.

The theory, also, well describes the total inclusive cross
sections for the neutron transfer channels. The dependence
of the cross sections on the number of transferred neutrons
is very similar to the one observed in other studied systems
[1]. The neutron pick-up drops by almost a constant factor
for each transfered neutron as an independent mechanism
would suggest. In the present case a deeper insight may be
achieved by measuring the individual γ-ray transitions and
thus the population of the single excited states.
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Fig. 2. The projection of the two-dimensional correction matrix
for 41Ar with different kinetic energy cuts: (100 MeV, 110 MeV),
(160MeV, 170MeV) and (240MeV, 250MeV) from top to bottom,
respectively.

3 The character of states populated in
transfer reactions

We have interpreted the experimental yields with a model
that explicitly treats the internal degrees of freedom of the
two ions in terms of elementary modes, surface vibration
and single particles. It is through the excitation of these el-
ementary modes that energy and angular momentum are
transferred from the relative motion to the intrinsic de-
grees of freedom and that mass and charge are exchanged
between the two partners of the collision. Thus, heavy-
ion collisions provide a suitable tool for the studies of the
particle-vibration coupling scheme. Here we concentrate
on the neutron transfer channels, and selected γ spectra of
argon isotopes are plotted in Fig. 3. The fragment-γ coin-
cidence obtained from the coupling of Clara with Prisma

Fig. 3. Doppler corrected γ-ray spectra for 39,40Ar populated in
40Ar+208Pb by detecting the 39,40Ar isotope in Prisma and the co-
incident γ rays in Clara. The strongest transitions are marked in
the f gure.

allows us to attribute to each specif c reaction product its
characteristic γ rays. Since the γ rays are emitted in f ight
it is mandatory to perform Doppler correction. This is done
from the knowledge of the trajectory reconstructed in Pri-
sma, which provides the velocity vector of the emitting nu-
clei.

The spectra comprise transitions partly from particle
states and partly from states that involve combinations of
single-particle with a collective boson. In 40Ar the strongest
transitions are observed between the yrast states, with the
very strong population of 2+ state (we remind that this is
the inelastic channel). Besides them, we also observe the
non-yrast feeding of the 2+ and 0+ states. The strong popu-
lation of the yrast states dominates the +2n channel (42Ar).
In 39Ar the negative parity states, the low lying states with
the pronounced single-particle character, are strongly pop-
ulated. For example the 3/2−1 state and its transition to the
7/2− ground state dominates the 39Ar spectra. In addition,
we observe, also, a decay of the 11/2− state. The low ly-
ing positive parity states have been also populated to some
extent. In the more neutron rich argon isotopes, beside the
population of the known low-lying states which have been
recognized in the spectra, the newly observed transition
have been attributed to the yet unknown 11/2− states in
41,43Ar. The populated states were compared with the re-
sults of the 0~ω sd − p f large-scale shell-model (SM) cal-
culations [10,11]. The recently developed SDPF-U effec-
tive interaction, with the valence space of the full sd shell
for the protons and the full p f shell for the neutrons, has
been used. The energies, spins and parities of newly iden-
tif ed states agrees well with the SM calculations.

The 11/2− state can be understood as a coupling of col-
lective boson to single-particle states (i.e. |2+, ( f7/2)1 > giv-
ing an 11/2− stretched conf guration). It is expected that
the properties of these particle-phonon states are to a large
extent determined by the properties of the corresponding
phonon states. The comparison of the measured and SM
calculated energies for the 2+ and 11/2− states of argon
isotopes shows an excellent agreement for all argon iso-
topes in the N = 20 − 28 shell. The behavior of their
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energies displays that the evolution of the collectivity, in
the even isotopes (2+ energies) and in the odd isotopes
(11/2− energies), is very similar. This further corroborates
the particle-phonon character of these 11/2− states. We
expect that heavy ion induced transfer reactions populate
states of similar character in more neutron rich isotopes
[12,13]. Argon isotopes with N≥28 have been populated
in 238U+48Ca reactions [13], and the populated states in
the 47Ar behave similarly to here discussed odd-argon iso-
topes.

As already mentioned, in the reaction model the excita-
tion and transfer processes are mediated by the well known
single-particle form factors for the fermion degrees of free-
dom and by the collective form factors, for the vibrational
modes. The signif cant population of such states, reached
via neutron transfer, demonstrates the importance of exci-
tation of the states whose structure can be explained with
the same degrees of freedom which are needed in the re-
action model, i.e. coupling of the valence neutron to the
vibration quanta.

4 Summary

In transfer reactions one of the most interesting items is
how single particle and more complex degrees of freedom
act in the transfer process. Via γ-particle coincidences it is
now experimentally possible to measure the transfer stre-
ngth to specif c f nal states with high efficiency. To bet-
ter understand the structure of states which are strongly
excited by the multi-nucleon transfer mechanism we have
studied the experimental yields of populated states in neu-
tron transfer channels in 40Ar+208Pb. The individual state
yield distribution in the f nal reaction products ref ects a
strong interplay between single-particle and collective de-
grees of freedom that is pertinent to the reaction dynamics.
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