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Abstract

The main advances in the field of multinucleon transfer reactions at energies
close to the Coulomb barrier are reviewed. After a short presentation of the
experimental techniques and some gleams from the theory the new data are
presented. The possibilities offered by the coupling of large y-array detectors
with tracking spectrometers are discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transfer reactions play an essential role in the study of the structure of nuclei; with light
ions, they provided important data for the construction of the shell model and to establish
the properties of particle—particle correlations in the nuclear medium [1-3]. With heavy ions,
transfer reactions played a very important role for the definition of the reaction mechanism [4]
that describes the evolution of the reaction from the quasi-elastic regime to the more complex
deep-inelastic and fusion [5]. At least for energies close to the Coulomb barrier, transfer
constitutes the largest part of the total reaction cross section [6] thus providing the main source
for the loss of flux from the elastic channel and the main mechanism for the energy dissipation
from the relative motion to the intrinsic excitation. With heavy-ions multiple transfer of
nucleons becomes available in the reaction giving the possibility to study the relative role of
single particle and pair transfer modes [7]. Excited states in final nuclei are populated with
significant strength, providing information on the contribution of surface vibrations (bosons),
single particles (fermions) and their coupling.

In the last decade, the renewed interest in transfer reactions has been mainly due to the
realization that multinucleon transfer reactions could be used to populate nuclei moderately
rich in neutrons [8, 9]. It is in this region of the nuclear chart that the most challenging
aspects in the behavior of the nuclear structure have been foreseen, for instance, the evolution
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of shell gaps or the role of the tensor component [10] of the nucleon—nucleon interaction.
This renewed interest benefited from the construction of the new generation large solid angle
spectrometers based on trajectory reconstruction, with which one could gain more than an
order of magnitude in overall efficiency still keeping a good identification of reaction products
[11, 12]. The coupling of these spectrometers with large y arrays [13, 14] allowed the
identification of y rays coming from the decay of weak transfer channels associated with the
population of nuclei moderately far from stability.

Significant advances in calculations have been achieved. Making use of the semi-classical
approximation [4, 15] it has been possible to extend in the reaction model the concept of
elementary modes of excitation [16, 17] that have been very successful in the interpretation
of nuclear spectra. The concept of elementary modes of excitation allowed to develop models
[18] that are able to treat quasi-elastic and deep-inelastic processes on the same footing and
to quantitatively study reactions that involve the transfer of many nucleons. The models are
in fact able to predict how the total reaction cross section is shared amongst the different
channels. The understanding of these processes is important, in particular, in view of research
to be done with radioactive beams [8, 19]. This is also important for the understanding of
sub-barrier fusion cross sections. Recent work on the subject can be found in the conferences
[20, 21] and references therein.

In this work, we review the main advances in the field done in the last few years. After
a presentation of the more recent experimental techniques we will discuss in some details the
main characteristics of multinucleon transfer reaction evidencing the validity of the elementary
modes of excitation and introducing the semi-classical approximation that will be our guide
throughout the review. We will discuss differential and total cross sections and total kinetic
energy loss distributions and the connection between multinucleon transfer reactions and other
competing reaction channels. A discussion on some recent results of y-particle coincidence
measurements will also be presented.

2. Detection techniques for heavy-ion transfer products

Different techniques have been employed to identify nuclei produced in transfer reactions.
Most of these techniques make use of magnetic spectrographs or spectrometers for a complete
identification of nuclear charge, mass and energy of final reaction products and to provide at
the same time absolute differential and total cross sections.

The development of magnetic spectrographs emerged in the past from the need to
distinguish excited states populated in light ion transfer reactions. This was achieved
by combining magnetic elements of different complexity to focus momenta at definite
positions on the focal plane. With these instruments, that required corrections for ion optical
aberrations, an energy resolution of the order of a few tenths keV could be achieved. Q3D
or split pole devices have been extensively used for studies of one and two particle transfer
reactions (see [6] and references therein), and Q3D with an improved energy resolution
(<10 keV) are still employed for detailed spectroscopic studies [22].

With heavier ions more demanding conditions are required in order to keep a good
resolution and to have at the same time a sufficient detection efficiency, given the large energy
dynamic range of transfer products. Solutions have been adopted to deal with the increase
of energy and angular straggling with ions of higher nuclear charge with emphasis on the
complexity of magnetic elements and/or on the detector systems. Some characteristics of
Q3D magnetic configurations have been kept for instance in the ENMA spectrograph [23],
which was especially designed for studies of elastic, inelastic and transfer reactions with ions
in the mass range 50 < A < 90. Split poles, with a simpler magnetic configuration, have been
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Figure 1. Mass—charge distribution of transfer products in the *°Ca+28Pb reaction at Ejy, =
235 MeV obtained at the grazing angle, 05, = 84°. The dash-dotted lines correspond to the pure
proton stripping (AZ) and to the pure neutron pick-up (AN) channels, crossing at Z = 20 and
A = 40. The full line shows the charge equilibration, namely, the N/Z ratio of the compound
nucleus (from [32]).

extensively used in the same mass region to measure yield distributions and cross sections in
the quasi-elastic regime [6, 24]. In all these devices, in order to obtain the cross sections for
the different exit channels, the distribution of atomic charge states has to be carefully taken
into account. To (partially) handle this problem, time-of-flight (ToF) spectrometers have been
designed with magnetic quadrupole elements which focus ions of different atomic charge
states to a relatively small focal plane [25-27]. In split poles as well as in ToF spectrometers
a good A and Z resolution for medium mass ions could be preserved, although with energy
resolution of the order of a few MeV, i.e. lower compared with the spectrographs mentioned
above.

Recoil mass spectrometers [28] employ a combination of magnetic and electric elements
to provide directly mass identification, and have been designed to separate ions with different
electric rigidities (compound nuclei and beam-like particles). Evenif not originally constructed
for quasi-elastic reactions, these devices have been used in some cases for studies at sub-barrier
energies detecting the (higher mass) target recoils at angles close to 6, = 0° (i.e. 6., = 180°)
where transfer cross sections peak [29]. However, the low kinetic energy of the recoils prevents
to get a sufficient Z and energy resolutions.

Inverse kinematics has been often employed to achieve a sufficient separation of the
outgoing transfer products. Detecting the lighter (than projectile) target-like recoils at forward
angles, one has a high efficiency (kinematic focusing) and a good resolution (high kinetic
energy) [30, 31]. Of course, this technique requires a very good rejection of the primary beam
and needs the use of very pure targets when dealing with low transfer cross sections.

The quality of data presently achieved is demonstrated in figure 1 where it is shown,
as a representative example, the mass and charge distribution of transfer products in the
40Ca+28Pb system [32] identified with a time-of-flight spectrometer. Here the mass is obtained
by using the time of flight between the entrance and focal plane detectors of the spectrometer,
where total energy and Z are extracted from a multiparametric ionization chamber [33]. A
clear identification of the transfer products is obtained up to the pick-up of approximately six
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neutrons and the stripping of approximately six protons. The bombarding energy is close to
the Coulomb barrier and the yield, measured at the grazing angle, reflects some of the main
characteristics of quasi-elastic processes. These may be appreciated by plotting on the same
figure three lines, the two dash-dotted lines correspond to pure neutron pick-up and pure proton
stripping channels, while the full line represents the charge equilibration, namely the location
of the N/Z ratio of the compound nucleus. The fact that most nuclei are located on the left
side of the charge equilibration line indicates the dominance of a direct mechanism in the
population of different fragments. Note also that for the massive proton transfer channels the
isotopic distributions drift toward lower masses, a clear indication that these distributions are
affected by evaporation processes (these aspects will be extensively discussed in the following
sections).

In dealing with heavier and heavier ions, to preserve nuclear charge and mass separation
(via ToF and energy), apart from reaching sufficient kinetic energy, position information
becomes crucial. The GSI magnetic spectrometer, designed for very heavy ions [34], combines
a multiparametric focal plane detector with a sequence of magnetic elements, where the
dipole provides the momentum over atomic charge (p/q) dispersion. The combination of
multipole magnetic elements and the position information at the entrance and focal plane of
the spectrometer allows us to handle and correct for optical aberrations up to some order. With
this instrument, the yield distribution and cross sections of multinucleon transfer channels
have been studied in various angular ranges using beams in the mass range A >~ 90-208 on
heavy targets [35, 36]. Here, also, inverse kinematics has been successfully employed.

2.1. Large acceptance magnetic spectrometers

The discussed devices have solid angles in the range 3—10 msr. Beyond these values, it becomes
unfeasible to use complex magnetic elements to correct for the ion optical aberrations. At the
same time one has to consider the kinematics of grazing collisions, where a wealth of nuclei are
produced in a wide energy and angular range and with cross sections spanning several orders of
magnitude, thus putting extremely demanding requests on the detection system. The presently
adopted solution is to simplify the magnetic element configuration and to apply the concept
of trajectory reconstruction. This can be done by using a detector system which, besides
nuclear charge, energy and timing, provides the necessary position information along the ion
path. To reconstruct the ion path through the spectrometer specially developed algorithms are
then adopted, whose complexity depend on how precise is the experimental knowledge of ion
transport.

The idea to use a ‘simple’ magnetic configuration and an event-by-event reconstruction
of the ion trajectory inside magnetic elements to identify the transfer reaction products, has
been successfully employed in the very large solid angle (~100 msr) spectrometers PRISMA
[11], VAMOS [12] and MAGNEX [37]. In PRISMA, the reconstruction of the ion trajectory
is obtained from the measurement of an entrance [38] and focal plane positions [39], together
with the time of flight. In between these two detector systems only two magnetic elements are
located, a quadrupole followed by a dipole. The large longitudinal dimension of the dipole
compared with the transversal one ensures a weak effect of the fringing fields and the planarity
of the trajectory. The tracking procedure provides the curvature of ion path inside the dispersive
(dipole) element for a unique determination of the trajectory and leads to a quantity proportional
to p/q. PRISMA has a fixed momentum dispersion while VAMOS can be used in a variable
dispersive mode at the focal plane [40] depending on the chosen deflection angle of the dipole,
and it is equipped with a Wien filter to help selecting ions of different rigidities. In VAMOS,
one measures the position and angle of ions after the magnetic elements and the reconstruction
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Figure 2. Left top panel: atomic charge state distribution for °>-°1:92Zr ions selected with PRISMA
in the reaction 2°Zr+2%Pb at Ej,, = 560 MeV. Left bottom panel: mass over atomic charge state
A/q versus horizontal focal plane position X¢. Right panel: mass distributions of transfer products
for different Z (adapted from [41]).

is made through an inverse transformation of coordinates from the focal plane to the target,
via ray tracing procedure. This solution avoids using a position sensitive detector close to the
target but needs a more complex software procedure.

In the left bottom panel of figure 2, we show as representative example a matrix of the
mass over atomic charge state (A/q) versus the longitudinal position on the focal plane for Zr-
like products in the reaction °Zr+2%Pb [41], obtained with PRISMA. One sees the achieved
resolution and the characteristic repetitive pattern of the different A/q.

To derive the mass from this ratio, one must get the atomic charge state. The left
top panel and right panels of figure 2 show the extracted atomic charge state distribution
for the zirconium isotopes and the mass distributions of transfer products, respectively.
As said before, in grazing collisions nuclei are produced in a broad angular and kinetic
energy range, with nuclear charge and mass differing by several units from the entrance
channel. The ion transmission through these large solid angle spectrometers depends in
a complex way on the in-plane and out-of-plane entrance positions and momenta and a
careful procedure have to be employed to get absolute cross sections. A determination
of the transmission is generally achieved via a simulation of ion trajectories, where the
kinematics of the reaction and the geometry of the magnetic elements and detectors is taken into
account.
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2.2. Magnetic spectrometers with y-detector arrays

With these new generation spectrometers, mass and nuclear charge identification has been
successfully demonstrated for ions up to A ~ 100-130, but energy resolution is presently
limited to few hundreds of keV. Though excited state discrimination can be performed in
suitable nuclei where levels are sufficiently separated, spectrometers cannot compete yet with
the highest energy resolution achieved by the use of high purity germanium y detectors.
Large y arrays have been proved to be very powerful tools for nuclear spectroscopy studies
of nuclei produced in transfer reactions, especially for very heavy nuclei [7, 42, 43]. Double
and triple y coincidences could be performed in experiments using thick targets, where all
products are stopped. A different and complementary approach is to use, with thin targets, a
coincidence between y and particle detectors, where a Doppler correction has to be applied
for the y rays emitted by the moving ions. This coincidence method, though lowering the
overall efficiency, allows us to define the impact parameter of the transfer reaction (angular
distribution) and helps to reduce undesired events coming from other reaction channels.
Position sensitive gas detectors of large area have been often employed, and if used in
kinematic coincidence (both partners in the binary reaction are detected) a low resolution
determination of mass and Q-value can be done [44]. By gating on different ranges of these
quantities, selected excitation energy regions of nuclei can be studied looking at their y decay.
Gas detector systems covering a large fraction of the angular range of transfer products in
different heavy-ion reactions have been used coupled to large y arrays [45-47]. With the
further possibility to measure y multiplicity the population strength of transfer products can
be investigated in different regions of (deduced) spin versus excitation energy. We here remark
that to derive absolute cross sections of transfer products from y -ray intensities only, detailed
knowledge of the decay levels, branching and population pattern is mandatory. This is not a
straightforward procedure, as for instance in the case of odd nuclei where the population
strength can be significantly fragmented or for heavy nuclei with significant EC decay
fraction.

The method of particle-y coincidences has been further employed by coupling large y
arrays to the new generation large solid angle spectrometers discussed above, which provide
at the same time a full identification of the reaction products and their absolute yield. The
Doppler correction in this case is done from the knowledge of the reconstructed velocity vector.
As an example of this procedure we plot in figure 3 (top) the total kinetic energy loss (TKEL)
measured in the ionization chamber of the PRISMA spectrometer for the +2n channel (*?Zr)
produced of the *°Zr+2%Pb reaction. Its associated y-ray spectra are shown in the bottom
part of figure 3, obtained without (top panel) and with (middle and bottom panels) different
conditions on the TKEL. This demonstrates how, by gating on selected TKEL regions, one
can enhance/suppress transitions between states with different excitation energy and angular
momenta. By gating on the low TKEL region (A) the two lowest yrast transitions dominate the
spectrum. By gating instead on the TKEL region around 20 MeV (B) the spectrum displays
transitions coming from the decay of high spin states (we remark that the excitation energy of
both light and heavy fragments is embedded into the TKEL distribution).

A very important use of the y-particle coincidence technique which employs the new
generation spectrometers in terms of resolution and efficiency is for studies of nuclei
moderately far from stability whose structure is poorly or not known at all. At variance
with reactions (like fusion evaporation) where the y cascade proceeds from high-level density
regions and ends-up in yrast states, grazing reactions favor a certain degree of direct population
of final states, also of non-yrast character. As shown before, the further possibility to
experimentally choose regions of Q-value distribution and impact parameter of the reaction
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Figure 3. Top: TKEL distribution for °>Zr produced in the *°Zr+*%8Pb reaction. Bottom:
associated y-ray spectra for 927y without conditions on TKEL (up) and conditioned (middle and
down) with different regions of TKEL distributions, marked as (A) and (B) in the TKEL spectrum
and with gates >3 MeV wide. Typical y ray energy resolution obtained after Doppler correction
are 0.6-0.9% FWHM over the whole velocity distribution (from [41]).

(angle) facilitates the study of states associated with specific excitation energy. Very often, the
detection of few y transitions belonging to nuclei identified in mass and nuclear charge with
spectrometers allows a consistent analysis of double and triple y coincidence data collected
independently with y arrays only and obtained by exploiting the same kind of reaction

mechanism [9].

3. Gleams from the theory of transfer reactions

In the first part of this section we recall, in a simplified form, the coupled-channel formalism
that is at the base for any description of direct reaction processes. The total wavefunction | W)
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is expanded in terms of channel wavefunctions [Yg) = [V, ¥ p)
xp(rg)
|WF) = ) =——Ivp), (D)
where |Y;) and | ) are the two wavefunctions describing the intrinsic states of the two nuclei

belonging to the § = (b, B) mass partition and xg is the corresponding wavefunction for the
radial motion. By requiring that (1) is a solution of the time-independent Schrodinger equation

[Ho+ V]|¥™) = E|¥7) 2
one obtains the following system of coupled equations:

d2 2 2 C]
xprp) | TE s - VT re) [ xs (rp) = % D Vi Csr)xe () 3

2 2
drﬁ h -y
where
. R Lyl + 1)
ViT(rg) = 5 — =L+ (sl V) )
np iy
is the effective potential and
cpl
Villra. ) = (WplVIvy) B #v 5)
are the coupling matrix elements. In the above expressions, Hy = H, + Hg + Tpp is

the Hamiltonian for the intrinsic states of the two ions (H, and Hp) and for the relative
motion (7;p), V the coupling interaction, g the reduced mass of channel 8 and Ej is the
corresponding channel energy. The radial wavefunction xg, solution of the system of coupled
equations, is obtained by requiring that g = 0 at the origin and matches the asymptotic form
of an incident wave of unity norm for the entrance channel and an outgoing radial wave in all
other channels. From the amplitudes of the outgoing waves one extracts the corresponding
reaction cross sections.

In writing down the system of coupled equations, where the angular momentum coupling
has been neglected to simplify the notation, some approximations have been done. Since the
total number of nucleons can be partitioned in several ways, the channel wavefunctions [/g)
form an over-complete base of non-orthogonal vectors. The problem of over-completeness is
normally overcome by including in the summation only bound or quasi-bound states belonging
to the different mass partitions and by imposing a boundary condition at a suitable point
(incoming wave boundary condition), or by including an imaginary potential to account for
the depopulation of the entrance channel due to channels not explicitly included in the system
of coupled equations. The (mostly technical) treatment of the non-orthogonality, which is
relevant when transfer channels are included, complicates considerably the formalism, in
equation (3) all terms deriving from the non-orthogonality are neglected. In the regime of
direct reactions, these contributions are usually small due to the weak overlap of the two ion
densities.

An alternative treatment to the quantal system of coupled equation (3) has been obtained
[4] by generalizing the well-known semiclassical theory of Coulomb excitation [48] to include
the effect of the nuclear interaction. We recall that the semiclassical approximation, where the
relative motion is treated classically, is valid also at energies above the Coulomb barrier since
the wave length associated with the relative motion is much smaller than the interaction region
(sum of the two nuclear radii). The total wavefunction of the system is in this case written in
the form

V() =) cpltypye O, (©)
B
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where the time-dependent coefficient cg(t) defines the amplitude to be in channel 8 and ¥4 is
the channel wavefunction introduced above. The (time-dependent) phase g, included to take
into account that the relative motion of the two ions does not follow a straight line, is defined
as

Sﬁ(t)zf Lp(t)dt (M

with Lz being the Lagrangian of relative motion. Inserting the expansion (6) in the time-
dependent Schrodinger equation:

o (t)
o = [Ho+ VIV (1), ®)
one obtains the following system of semi-classical coupled equations:
d i S, —Eg)i— (5, (1)—8 B
0= ;<wﬁ|<vy — U ey (1) e 1E—EI= 003N (9)
This system has to be solved with the condition that at # = —oo it is in its entrance channel «,

ie. Cﬁ(l‘ = —00) = (Saﬁ.

The vectors |w, ) constitute a dual base that is introduced to overcome the problem of the
non-orthogonality of the vectors |y,). This dual base is easily constructed from the overlap
matrix Og, = (¥, |[\g). The time dependence of the matrix elements in equation (9) is
obtained by solving the Newtonian equations for the relative motion that develops in a nuclear
(U,) plus Coulomb field.

3.1. Coupling matrix elements

The most important components of equations (3) and (9) are the matrix elements, that weight
the relative importance of the different channels. These may be divided into two categories, one
responsible for the inelastic excitation and the other for the exchange of nucleons between the
two partners. For the inelastic excitation one usually employs the macroscopic approximation
that allows us to write the radial part of the form factor as the r-derivative of the potential
- aU(r
ey =, 00
where S, is the deformation parameter that bears information on the collectivity of the state
and U (r) is the average potential of entrance and exit channels.
In the case of particle transfer [49, 50] the matrix elements are non-local functions of the
center-of-mass coordinates of the two channels. This dependence, normally referred as recoil
effect, may be translated into a dependence on the momentum transfer «,

(wpl(Vy = UIYry) = fpy (&, F), (1)

(10)

where 7 is
rg and r,, being the center-of mass distances in channels 8 and y, respectively, as shown in
figure 4. The most important component of the recoil, namely the dependence of the form

factor on the transferred momentum &, is its transversal component that may be taken into
account through a phase factor

fay (. F) ~ " f3, (0, F) (13)
with
L my
ogy ~ - —— i (t)(Rpm. — Rymc), (14)
hmy,+mp

where m, is the mass of the transferred particle and 7(¢) is the radial velocity.
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Figure 4. Coordinate system used in the definition of the transfer form factor. ¢ and B are the
cores in projectile-like and target-like and d is the transferred particle.

The radial dependence of the transfer form factor may be calculated explicitly by a folding
integral that involves the residual interaction and the two wavefunctions describing the motion
of the transferred particle d around the cores of projectile-like and target-like. By using the
simple parametrization of [51] the particle transfer form factor can be written as

Jpy 0, 1) ~ ky(kq7), (15)

where k; is related to the Hankel functions that describe the asymptotic behavior of the
bound-state wavefunction, A being the angular momentum transfer. At large distances we can
write

1 —K,r
S8y (0,7) e . (16)

I(agr

The asymptotic behavior of the form factor is governed by the coefficient «,; that contains the
binding energy of the single particle state a| entering in the transition. For single particle states
close to the Fermi energy the decay length of the one-particle transfer form factor is of the order
of 1.2 fm, thus at large distances the transfer form factor prevails over the nuclear component
of the inelastic form factor. In figure 5, the radial dependence of the one-particle transfer
form factors is shown for different systems in comparison with the simple parametrization
of [51].

3.2. Q-value dependence of the cross sections

To estimate the magnitude of a given transfer process it is not necessary to solve explicitly the
full system of coupled equations but it suffices to write down its first-order Born approximation.
For a given impact parameter (incoming partial wave £) the probability for the transition from
the entrance channel « to the channel 8 may be written in the form

. 2
Pt = ‘l /+w dt eioﬂazfﬂa (0, 7) el Es=E)+@p=0)1t/ | (17)
hJ o
where the time integral has to be performed along the classical trajectory for the given partial
wave £. In direct processes the two nuclei barely overlap, so that only the tail of the form factor
is relevant. By approximating the true trajectory with a parabolic parametrization around the
turning point the above transition probability may be written in the form

1
Poo = | —————| £a(0. 1) 28 (). 18
o = T re @ 0P8 (@) (18)
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Figure 5. Comparison between the simple parametrization of [51] (dash line) with the exact
calculations (full line) for several examples of single particle transitions among indicated projectile
and target combinations (adapted from [51]).

where 7 is the radial acceleration at the distance of closest approach r for the grazing partial
wave. The adiabatic cut-off function g(Q) is defined as

(Q — Qop)’
g(Q) = exp(——2.. ), (19)
h=Foka,
where the optimum Q-value is
Z V4 7
Qope = (—”’ - —d)EB + (@ E @)(E — Ep)+ — 2 (Ramy, — RiMp),  (20)
Za Zy mp ma my+ma
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Figure 6. Adiabatic cut-off functions for one- and two-neutron and proton transfer channels for
the reaction “®Ni+2*8Pb at the indicated energy (Q-value in MeV). The horizontal lines represent
the location of all possible transitions.

Ep is the Coulomb barrier and m, and Z,; are the mass and charge of the transferred particle.
The adiabatic cut-off function g(Q) defines the actual value of the transition probability,
the maximum being at the optimum Q-value. This derives from the requirement that the
trajectory of entrance and exit channels matches smoothly close to the turning point where
the contribution of the form factor peaks. We note that the bombarding energy dependence of
the cut-off function is contained in the #j term that defines its width (inversely proportional to
the collision time).

A rough estimation of the total cross section for a particular transfer channel can be
obtained by simply performing a Q-value integration of equation (18). In figure 6, for the
3Ni+28Pb reaction we show the adiabatic cut-off function g(Q) for all one- and two-particle
transfer channels. In the same figure with horizontal lines we represent, for all channels,
the location of all possible transitions. Since only the channels whose Q values lie below the
bell-shaped curve can actually occur, it is clear that the only allowed transfers are neutron
pick-up and proton stripping. All the other channels are hindered by optimum Q-value
consideration. From the same figure we note that for some channels, in particular the two-
proton stripping and two-neutron pick-up, the reaction mechanism favors transitions leading
to high excitation energies.

These simple findings have been demonstrated in almost all measured systems. An
example is shown in figure 7 where we plotted the isotopic distribution of the different charges
populated in the indicated reactions [52, 53]. One observes that the strongest channels are
those corresponding to the neutron pick-up and proton stripping processes as the optimum
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Figure 7. Isotopic distributions for the transfer channels up to the stripping of four protons are
shown for the reaction ®*Ni+238U at 390 MeV bombarding energy (top) and for the reaction
38Ni+298Pb at 328 MeV bombarding energy (bottom). The shadowed regions mark the transition
from neutron stripping to neutron pick-up. Data are from [52, 53].

Q-value rule suggests. It is only for charges far from the entrance channel that one observes
sizeable contributions that seems to derive from the stripping of neutrons, this is particularly
evident for the collision with uranium where the isotopic distributions peak at masses lighter
than the pure proton stripping channels. This should not be a surprise since these channels can
be populated via other complicated processes like evaporation, deep inelastic or fission. The
situation depicted in figure 7 holds for most of the projectile—target combinations available
with stable beams, it is only by employing unstable beams that all the four kinds of basic
transitions shown in figure 6 become available.

Concerning the angular momentum transfer we here recall that at low bombarding
energies, where the relative velocity of the two ions is much smaller than the intrinsic velocity
of the transferred nucleon, the transfer reaction tries to maximize the transferred angular
momentum [54], while at high bombarding energies, where the velocity of relative motion
is comparable to the intrinsic velocity of the transferred nucleon, the reaction minimizes
the transferred angular momentum [55]. This finding may be understood by requiring that
the orbitals of the transferred nucleon match smoothly. The semi-classical theory is able to
reconcile these two extreme behaviors with a correct treatment of the so-called recoil [56].

3.3. Multinucleon transfer channels

In the near past large efforts, both experimentally and theoretically, have been devoted to the
understanding of the transition from a regime of direct reactions (quasi-elastic) to the more
complicated regime of deep inelastic. These last processes are characterized by a massive
transfer of nucleons (toward the charge equilibration) and very large energy losses. The exit
fragments emerge with energies lower than the Coulomb barrier with an angular distribution
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that is proper of direct reactions (bell shaped, with a maximum close to the grazing angle).
While this last characteristic indicates that the process is very fast the large energy losses
indicate that the two ions, before the emerging point, acquire large deformations. These
two conflicting findings, short collision time and large energy losses, suggested that in the
evolution of the reaction the excitation of surface modes plays an important role being the
low-lying modes the main source for the formation of the large deformations.

The exchange of nucleons may constitute the main source for the dissipation of energy
as can be understood with a very simple model. Let us suppose to have a system for which
N independent single-particle transitions can occur all with the same probability p. In such
a system the probability to have the transfer of n particles is simply given by the binomial
distribution:

N
Py = <n>P"(1 -pV 21

For this distribution the average number of transferred particles is (n) = pN so that the
corresponding average energy loss is (Ejoss) = (n) Q. In a heavy-ion collision the number of
open channels is very large (N ~ 100) so that with p ~ 0.1 one estimates an average number
of transferred nucleons of the order of 10 and an average energy loss of 50 MeV if for each
transition one loses 5 MeV. As this simple example shows, particle transfer may provide the
main source for the dissipation of energy.

It was the necessity to have a description of the reaction able to treat at the same time quasi-
elastic and deep inelastic events that lead to the development of the reaction code GRAZING
[18]. Here we will not attempt to summarize the formalism that is lying behind the model
since it can be found in the cited references [16, 17], but we will outline its main ingredients
and some of the approximations that have been introduced in the description of the reaction.

The two nuclei are described as an ensemble of independent nucleons that can vibrate
around their spherical equilibrium shapes, the basic degrees of freedom being surface
vibrations and single particle degrees of freedom. The two ions interact via a Coulomb
plus nuclear interaction and may exchange nucleons. For the excitation of the surface modes
the model employs the macroscopic approximation whose form factors are proportional to the
r-derivative of the ion—ion potential and whose strength are given by the experimental B(EA).
The surface modes are treated in the harmonic approximation and to all orders.

The exchange of nucleons is governed by microscopic form factors that take into account
the single-particle properties of the two colliding ions. The model, for each transfer mode,
stripping and pick-up of neutrons and protons, uses a representative form factor that is
parametrized in accordance with [51]. The different single-particle states that are participating
to the transfer process are described by introducing average single particle level densities.

The model GRAZING constructs the probability P(E}, E%, Na, Z,, ...) for a given
transition characterized by several observables such as the excitation energy, E, number
of neutrons N;, number of protons Z; and so on of the reaction product. This probability is
constructed not by solving directly the semiclassical system of coupled equations (9) but by
introducing a characteristic function:

P(E!,E%, Ny, Zy,...) = (W(O)|8(Hy — EX) -+ 8(Zy — Zy) - - W (1))

+00
= / dB.dBa - Z(Ba, Ba, ...) e EabamiEai— (22)

—0Q

where the Z function is defined by
Z(Bas Bas £ar Ens ) = (W) PTG g (1) (23)
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Ba, - .. being the parameters introduced ad hoc. For details confer [16, 17]. It is important
to mention that the transition probabilities are calculated following classical trajectories
constructed in a self-consistent way so as to be compatible with the different quantities
defining the final states.

For the description of the relative motion and for the calculation of the inelastic form
factors, GRAZING uses the following parametrization of the nuclear ion—ion potential [57]:

Y, = —16mya— 2R [ 1 ] (24)
Ro+ Ra| 1+er—FRa—Ra)/a
where the nuclear radii are given by
Ri = (1.20A;” —0.09) fm. (25)
The diffusion parameter is
L 117(1+0.53(A; 12 + A7) fm™! (26)

a

and the surface tension is

(Na - Za)(NA - ZA)
A A,

In the above expression, A; is the mass number and Z;, N; denote the charge and neutron
number, respectively. For the Coulomb interaction the model uses the two point charges
expression.

Before discussing some application of GRAZING in actual cases it is important to check
if its approximations in the treatment of particle transfer, in particular the use of representative
form factors for the transfer and the substitution of the actual distribution of single particle
states with a density function, are appropriate. To check this we compare in figure 8 the angular
distributions of the inclusive (energy integrated) one-particle transfer channels calculated with
GRAZING and DWBA calculations done by employing all bound single-particle states above
the Fermi energy and a full shell below. The DWBA calculations have been done by using
one-particle transfer form factors constructed from the single-particle wavefunctions of the
states involved in the transition and by using the WKB approximation for the distorted waves
describing the relative motion [4]. Since the WKB approximation has to be employed in a
complex potential we name this calculation CWKB [32, 58]. For comparison the experimental
data of [32, 53] are also reported.

The reaction of 3¥Ni on !>*Sn constitutes one of the best examples that any model of
heavy-ion reaction should confront itself. It is in fact one of the very few cases where for
different bombarding energies, most of the channels have been measured in great detail, from
elastic scattering, transfer reactions to evaporation residue, deep inelastic and fission products
(see [59, 60] and references therein). This reaction has been analyzed within a quantum-
mechanical coupled channels frame [60] that includes the excitation of surface modes and
the transfer of nucleons. To reduce the number of channels for each inelastic excitation (and
single nucleon transfer) the rotating frame approximation of [61] has been used. Of particular
interest is the treatment of the transfer degrees of freedom that have been included up to higher
order to be able to describe, in the successive approximation, multinucleon transfer channels.
A pair transfer using the macroscopic approximation of [62] for the form factor has been
also included. Some results of these calculation are shown in figure 9 for the elastic angular
distribution and for the neutron transfer channels. With the same model the fusion reaction
has been calculated and a good agreement with the experimental data has been found.

y = —.95[1 -18 ] MeV fm 2. 27)
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Figure 8. For the indicated reactions and bombarding energies are shown the angular distribution
of inclusive one-particle transfer reactions calculated with GRAZING (dash) in comparison with
those calculated in the CWKB approximation. The experimental data of [32, 53] are also reported.
Note that for these reactions only proton stripping and neutron pick-up are allowed from optimum
Q-value arguments, as experimentally observed.
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Figure 9. Angular distributions for elastic scattering (a), and +1n, +2n and +3n transfer channels
at 150 MeV (b) and 160.6 MeV (c) in the ¥Ni+!2*Sn reaction. Data (circles) are from [59].
(Adapted from [60]).

It is natural to check the ability of GRAZING to describe the reaction by using the

data for the same *Ni+'>*Sn system. In figure 10, for the indicated bombarding energies,
the angular distributions for quasi-elastic, one-neutron pick-up, one-proton stripping and for
some multineutron transfer channels [63] are shown. We stress that in these calculations no
imaginary part has been added to the potential being the absorption described directly by the
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Figure 11. Experimental (points) and GRAZING calculations (lines) for different reaction channels
in the 3¥Ni+!?*Sn system. The dashed line represents the total reaction cross sections, while the
solid line is the sum of evaporation residue (EVR), fission and deep inelastic (DIC) cross sections
(capture). (Adapted from [63].)

coupling to the reaction channels. As in all GRAZING calculations for the surface modes one
uses the lowest 2* and 3~ states and the corresponding giant resonance.

The model is also able to estimate the capture cross section. This is shown in figure 11 in
comparison with the experimental data. The good agreement with the data could be obtained
only after summing up the deep inelastic components with the evaporation residue and fission
ones. This is because GRAZING provides only an estimation of the flux that overcomes the
Coulomb barrier but is not able to follow the evolution of the system toward the formation of
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Figure 12. Quasi-elastic excitation function (top), barrier distribution (middle) and ratio of transfer
channels to the total quasi-elastic cross section (bottom). All the cross section have been calculated
at Ocm. = 172°. The down-arrows represent the Coulomb barrier for the entrance channels
calculated with the empirical potential of [4] and using a two points-charge Coulomb potential.
The dashed lines are the results considering as quasi-elastic all the final channels belonging to the
entrance channel mass partition. The data are from [67]. (From [63].)

a di-nuclear complex and/or to the formation of a compound nucleus. This last comparison
clearly suggests that the potential used in the code is quite accurate, we recall that this potential
has been derived from a double folding formalism and by fitting the different parameters to
give a good description of elastic scattering data.

A further insight on our knowledge of the ion—ion potential and of the mechanism that
governs the evolution of the reaction is provided by the barrier distribution concept. In fusion
reactions, the effect of the couplings to the intrinsic degrees of freedom of the system can
be depicted as giving rise to a smearing over several energies of the Coulomb barrier [64].
These barrier distributions can be extracted from the fusion excitation function by taking the
second derivative of the energy weighted fusion cross sections [65]. It has been suggested
that a similar information can be derived from the energy dependence of the quasi-elastic
cross sections at backward angles [66]. The barrier distribution obtained with these two
methods turns out to be in reasonable agreement with each other, although those extracted
from quasi-elastic are somewhat broader and with less structure. A recent analysis [63] showed
how the barrier distribution obtained from quasi-elastic cross sections depend on what one
defines as quasi-elastic. Since quasi-elastic reactions, besides elastic and inelastic channels,
receive contributions also from transfer channels (both neutrons and protons), they provide
a very interesting tool to investigate the role of transfer reactions in heavy-ion collisions, in
fact the importance of transfer channels has always been very elusive from fusion reactions
[20, 21].

The experimental excitation functions for various projectile and target combinations in
the medium heavy mass region recently measured in [67] are shown in figure 12. Of particular
interest here are the results depicted in the third row that show the contribution of the transfer
channels, as a function of energy, to the quasi-elastic cross section. It is clear that their
contribution grows with the bombarding energy. In the middle row the extracted barrier
distributions are depicted. Here to demonstrate the importance of the coupling we report with
a vertical arrow the position of the unperturbed barrier. The coupling spreads the barrier in
a quite large energy interval. It is seen how the quasi-elastic barrier distribution depends on
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Figure 13. The coordinate system used for the description of the transfer of two nucleons, labeled
as 1 and 2. b and A are the cores in projectile-like and target-like.

what we consider as quasi-elastic, so one may expect a difference with respect to the results
obtained from the fusion cross sections. It is worth recalling that while what one extracts from
fusion reactions [68] reflects how the couplings modify the transmission coefficient, what one
gets from quasi-elastic reflects the modification of the reflection coefficient. If fusion and
quasi-elastic scattering exhaust most of the total reaction cross section the barrier distributions
are expected to be quite similar. However, for heavy systems, where the reaction is dominated
by complicated processes like deep inelastic where the nuclei may overcome the Coulomb
barrier but separate again with large energy losses and mass transfer, caution must be taken in
the interpretation.

3.4. Two-particle transfer

In this subsection, we recall some important aspects of two-particle transfer reactions, these
being the reaction of choice for the study of particle—particle correlation in nuclei. For very
light ions, the outcome of these reactions has been essential for the formulation of the concept
of pairing vibrations/rotations that allowed us to correlate the 0" excited states in neighboring
even—even nuclei [1].

The first approach for the analysis of these reactions was a simple generalization of the
formalism used for one-particle transfer, i.e. the two nucleons were seen as a cluster. In this
model, the cluster has a single state as internal motion and it moves in some average potential
around the core b (cf figure 13). Of course it was immediately recognized the necessity of a
microscopic calculation which includes the coordinates of the individual nucleons. For the
case of a pair of nucleons in the states a{ and a; in the projectile that are transferred in the
states a; and a; of the target the transition amplitude may be written as

Top = /d7a dFy, digp s (Fp)(b. A+ (12)|(Vg — Up) b + (12), A)x " (o) (28)
and the form factor may be reduced in the form:
Foayaia, = (b, A+ (12)|(Vg — Up)|b + (12), A)

= (" (F10)¢™ (F2) LV (Fra) + V ) 110" (F10) ™ (Fap)). (29)
With V (7;4) we have indicated the single particle shell model potential (of the target) that is
felt by the nucleons of the projectile and which is responsible for the transfer. The structure of
the matrix element for the transfer of two nucleons is easily seen in the no recoil approximation
(F4 = 7). In this approximation, the above matrix element assumes the following form:

Fuanaa, = (@ 16“) (@7 VI9™) + ¢V |V [$™) (™ [¢™). (30)

19



J. Phys. G: Nucl. Part. Phys. 36 (2009) 113101 Topical Review

This expression shows clearly that the matrix element derives from the product of an overlap
term (the two bases used to write the transition amplitude (28) are in fact non-orthogonal)
times the matrix element of the one-particle transfer. If several shell model pairs (a;a,)
contribute to the wavefunctions of initial and final states the form factor becomes a sum over
many two-particle form factors arising from the various initial and final state two-nucleon
configurations, i.e. it should be written as

F=27%" BY@a)B™(@a) (" 1¢") (6" Vg™ 31

12,12

where the B coefficients are the so-called two-particle spectroscopic factors representing
the amplitudes of a given pure configuration in the total wavefunctions that is obtained by
diagonalizing, in the pure two-particle configurations, the residual interaction responsible for
the particle—particle correlation.

Here we do not intend to summarize all the work that has been done for the inclusion
of the recoil in the evaluation of the amplitudes but we just want to recall that the above
formalism, while adequate for the reproduction of the shape of the angular distributions, has
serious problems in the description of the magnitude of the measured cross section for two-
nucleon transfer processes. This inadequacy prevented the use of these reactions (at least with
heavy ions) to gain direct information on pair correlation in nuclei. Bayman pioneered the
discussion of this problem, not only developing a Monte Carlo method for the calculation of
the transfer amplitude where the recoil term was exactly taken into account, but pointing out
that the amplitude (28) represents just the simultaneous contribution to the transfer process
[69]. The successive mechanism is in fact missing in the above expression. Here we prefer to
discuss this essential point by using a semiclassical formalism since it is simpler to implement
and to understand. Following [69, 70], the semiclassical amplitude for the transfer of two
nucleons from channel « = (a(=(b+12), A) to channel 8 = (b, B(=A +12)) may be written
in the form:

ag = a;,zm) + a,(;sq) + agm). (32)
The first term corresponds to the simultaneous (first order) transfer of a pair, the second one
to the sequential transfer and the last term arises from the non-orthogonality of the bases
used to describe the two mass partitions. As at the beginning of this section, we write the
three components considering pure configurations (aja)) and (a;a») in the entrance and exit
channels, respectively, and we neglect the angular momentum couplings. Here it suffices
to remember that the treatment of angular momentum implies the addition of a contribution
proportional to the third component of the transferred angular momentum to the exponential

phase.
For the simultaneous term one has
. 2i +00 , , X
ap = =2 | A g (0) (33)
—0o0

while for the sequential:

t

1 +00
aped === 3" Cha)C’ (@) / dt £ (1)) €59 / 0’ f () €550 (3d)
ij - -

o0

and the non-orthogonality term is
w21 +oo , , A
ap® = 2CNa)C"(a) / dr £ (1))g" % (1) €15 (35)
—0o0
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Figure 14. Angular distributions for two-nucleon transfer reactions (points are the experimental
data). In the top row the quantal results of [69] are shown for the '® O+28Pb system, where the first
two frames refer to energies below the Coulomb barrier. The bottom row shows the semiclassical
results of [70]. The contribution of the successive components clearly dominates the cross sections
(adapted from [69, 70]).

In the above expressions in order to shorten the notation we introduced the phase:

1
Spy = _ﬁ(Eﬂ —E )t +yg, (1) (36)

The label y in the above expression represents the final channel § in the simultaneous and
non-orthogonality term while it is the intermediate channel y = (c = (b+1),C = (A + 1))
in the successive term; with f we have indicated the single particle form factors as defined in
equation (11) while with g we have indicated the overlap matrix element. It is derived from
the expression for the one-particle form factor putting to unity the interaction.

In figure 14, some examples of two-neutron transfer reactions analyzed within the above
formalism are reported and compared with experimental data. In the first row the results
from the quantum-mechanical calculations of [69] are shown, while the bottom row shows
the semiclassical calculations of [70]. In all the shown cases it is seen that the contribution of
the successive mechanism dominates the cross section. This finding does not mean that the
two-particle spectroscopic factors extracted by using the one-step formalism (simultaneous)
has to be doubted. In fact, it has been seen that the relative contributions of the two
mechanisms do not depend on the different states populated by the transition, so that the
relative spectroscopic factors are not altered. What the results mean is that the successive
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mechanism not only dominates the two-nucleon transfer but all multinucleon transfer channels
are probably dominated by the same successive mechanism.

The formalism we have just outlined for the calculation of the two-nucleon transfer matrix
element implies a microscopic description, in that the initial and final states are described as a
superposition of the elementary components that in this case are two single particle states. The
weight of the different components results from the diagonalization of the residual interaction
responsible for the correlations. In [62], it has been suggested that also for this process one
can identify a collective variable that characterizes it by following an analogy between the
pairing vibrations and the more familiar surface oscillation.

Assuming the saturation of the nuclear densities, the acquisition or loss of two nucleons
is achieved by changing the nuclear volume, which implies a displacement of the nuclear
surface. The transition density associated with this pair mode may be easily calculated by
identifying A A as the macroscopic pairing variable so that

J Ro\ o
3pP:_p: 20 _pAA’ (37)
dA 3A ) or

where p is the nuclear density and Ry is the half-density radius. As in the case of the inelastic
excitation, the form factor for this mode becomes

Ro\ U (r)
3A or

FP(r) = ,3P< , (38)
where U(r) is the optical potential. The scaling factor Bp, obtained by normalizing the
theoretical calculation to the experimental data, may be interpreted as the strength of the pair
mode. Of course this formalism for the description of the pair-transfer mode requires some
crucial steps that may be quite controversial and of not a too easy acceptability. One of them
is the introduction of a particle—particle local transition density and its use in the context of
a one-body operator (the shell model potential of the other nucleus) to calculate the form
factor via a folding prescription. A lot of theoretical work has been done in order to elucidate
the above points (cf [4]) but very little could be achieved until now in establishing a certain
systematics over the values of the pairing deformation parameter Sp.

The formulation of the pairing vibrations/rotations model received a substantial
contribution from extensive transfer data obtained with light ions, primarily with (p, t) and
(t, p) reactions [1-3]. These reactions are dominated by transitions that populate the 0* ground
states for targets away from the shell closure while populate 0" excited states for targets close to
the shell closure. The strength of these transitions has been characterized by an enhancement
factor of the order of 30 with respect to a two-particle unit of cross section [1], introduced,
in analogy to the Weisskopf unit for inelastic transition, to characterize these transfer cross
sections. As a two-particle unit of cross section one takes the largest cross section calculated
in distorted wave Born approximation (DWBA) for a pure two-particle configuration.

In heavy-ion collisions, it is very difficult to discriminate the population of individual
states (by particle detection only) and it is difficult to use the same enhancement factor to
characterize the two-particle transfer reactions. Nevertheless one has been trying to look
at the problem by defining an enhancement factor by using directly the experimental data
[7,30, 71]. This can be done by exploiting the fact that at low energy the transfer cross section
can be written as a product of the elastic cross section times the transfer probability Py(0),

i.e.:
do . do PO 39
(d—a);(d—s)ﬂ «(@: &
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Figure 15. The one- and two-particle transfer probabilities as a function of the overlap distance dp
are shown for the indicated reactions. The straight line is drawn to indicate the exponential decay
of the cross section (adapted from [30]).

Since the form factor for transfer decays exponentially and the main contribution to the
probability comes close to the turning point Ry, (0) of the classical trajectory leading to the
scattering angle 6, one may write

Py (6) == e 2 Rmn® (40)
with Rpin(0), for a Coulomb trajectory, given by
Z,Zpé* 1
Rmin(0) = 1+ . 41
min(®) 2E ( ﬁn9/2> “h

In the above expression, the parameter « is related to the binding energy of the transferred
‘cluster’. To be able to superimpose on the same graph several systems it is customary to plot
the transfer probability as a function of the parameter:

Rmin (9)
A+ AP
In a semi-logarithmic plot the excitation functions (or angular distributions) of transfer
processes are thus represented by straight lines with a slope -«.

If P, is the probability for the transfer of a single nucleon, in a particle independent model
we can write for the transfer of two nucleons the expression (cf equation (21)):

P(do) = [Py (do)]*. (43)

Now, P; may be extracted directly from the experimental data as in figure 15 so that for the
two-particle transfer we obtain the prediction represented by the dashed line in the same figure.
By normalizing this prediction to the experimental data one extracts the desired enhancement
factor. In the cases of figure 15 these factors are of the order of ~3 for neutrons and of the

do(0) = (42)
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Figure 16. Experimental total cross sections as a function of the number of transferred protons
AZ for channels involving neutron pick-up (left panel) and neutron stripping (right panel) in the
indicated reaction. To guide the eye we connected, with dashed lines, the different proton transfer
channels corresponding to an equal number of neutrons (adapted from [52]).

order of ~10 for protons (note that for protons the predicted two-proton transfer cross section
has a slope that is not parallel to the data, thus the value of the enhancement factor becomes
questionable).

The data shown in figure 15 are inclusive, i.e. integrated over all Q values. This fact makes
it difficult to ascribe the found enhancement factors to the effect of the two-particle correlations
induced by the residual interaction. This is because the residual interaction does not alter the
value of the sum rule but redistributes the total strength among few collective states. The
found enhancement factors have to be most likely ascribed to the reaction mechanism being
more complicated that the one implied by equation (43), for instance a direct contribution of
a pair transfer. Quite recently the same procedure has been used in exclusive data obtained
via y -particle coincidences [46, 72], and enhancement factors of the order of 1000 have been
reported (see also the following section).

3.5. Evaporation

In analyzing the yields of multinucleon transfer reactions it is very important to realize that
secondary processes like evaporation can alter considerably the isotopic distribution of the
yields. It is possible, from a simple analysis of the experimental data of inclusive cross
sections, to show that several mechanisms, besides the direct process, are at work in defining
the final distribution.

To this purpose, one plots the total cross sections as a function of the number of transferred
protons (A Z), as is done in figure 16 for the **Ni+>3U system [52]. On the left-hand side of
this figure we display the cross sections involving neutron pick-up, while on the right-hand
side the ones involving neutron stripping. As it is apparent from this plot the neutron pick-up
and neutron stripping reactions have a very different behavior. The neutron pick-up decreases
in a very smooth way as the number of transferred protons increases, while neutron stripping
reactions have a much more erratic behavior. This is a clear indication that these two kinds

24



J. Phys. G: Nucl. Part. Phys. 36 (2009) 113101 Topical Review

[ — T y
) -
X & 96
300 _ 8 Se Mo
3 9 =
< © [ b
@ R w7 oS
£ 200 - S 8 y 8 A .
4 = & - = o
8 * o T NN
2 . *3
© 100 g g2
0 1 1 L 1
0 200 400 600
T T
© % 96
300 5 o Mo A
+t\1 o
= |
. ~
n gé ~ ::\: \S\; t‘}’\
= 200 = 7 = 2 _
] = x,
2 £ <
O =
100 -
&
0 1 1 1 1
800 1000 1200 1400
40
300 F *YAr 4
n
=]
z
=)
o
8]
1 1

I
0 500 1000 1500

Energy [keV]

Figure 17. y spectra for the —2p + 2n channel in the reaction “°Ca+°°Zr at Ej, = 152 MeV
Doppler corrected for the (undetected) heavy (top two frames) and light fragments (bottom frame).
The “*Mo labels refer to the primary binary fragment. To have a better identification of the different
y lines for the heavy fragment we used an expanded energy scale (from [41]).

of final states are populated by different mechanisms. While the neutron pick-up behavior
indicates a direct population in terms of independent transfer of neutrons and protons the
neutron stripping side shows that the yield of these reactions depends on a more complicated
mechanism. They are much more influenced by neutron evaporation, in fact, from optimum
Q-value arguments one knows that neutron stripping reactions are strongly hindered.

This kind of behavior has been seen in all studied reactions, both with light and heavy
systems, indicating that in the transfer process large amount of energy is exchanged between
projectile and target. Part of this excitation energy is dissipated by evaporation, in particular
neutrons. It is this process that predominantly populates the lighter isotopes of a given nuclear
species.

In y-particle experiments, by identifying in Z and A the light partner of the binary reaction
with a spectrometer, one detects not only its coincident y lines but also those associated with
the heavy binary partner and its neighboring nuclei that can be populated via evaporation. An
example is shown in figure 17 where for the reaction “°Ca+°Zr we show the y-spectra of
40 Ar together with those of Mo isotopes, properly Doppler corrected. In the y spectrum of the
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Mo-like nuclei lines belonging to different isotopes are identified, those of *Mo are populated
from the direct reaction while those of the lighter Mo isotopes are most likely coming from
nuclei populated via neutron evaporation.

It is clear that to have a quantitative comparison with theory, the calculated yields must
be corrected for evaporation, these processes are particularly relevant for studying nuclei far
from the entrance channel.

3.6. Production of heavy neutron-rich nuclei

We have seen that with stable beams only proton stripping and neutron pick-up are likely to
occur in transfer processes. As a consequence target nuclei tend to gain some charge while
loosing neutrons, a mechanism that populates nuclei to the left of the stability valley. We
have previously seen that this feature of transfer reactions is embedded in the optimum Q-
value rule, that, for the characteristic behavior of the binding energy, is essentially governed
by the lighter partner of the reaction. It is only by taking heavier isotopes of a given projectile
that a transition to the opposite situation should occur [8].

The amount of neutron excess needed for the production of neutron-rich isotopes and
the isotope dependence of the yield can be estimated with the semiclassical code GRAZING
that has been illustrated above. Some results are shown in figure 18 for the collision of
Xe beams on 2%8Pb target at 700 MeV of center-of-mass energy. The figure shows clearly
that with neutron-rich projectiles one may populate nuclei not too far from the target but
with fewer charges and more neutrons. The figure shows the production yield corrected by
neutron evaporation, this process clearly works against the production of very neutron rich
nuclei.

4. Presentation of the data

At the end of the previous section, it has been suggested that multinucleon transfer reactions
may provide a useful tool for the production of heavy neutron-rich nuclei. In this section,
we will present multinucleon transfer data on different systems that are analyzed in the
semiclassical framework illustrated above. Of course, these studies are of more general
character, for instance, they are important for discerning the role of transfer channels in defining
the barrier penetration (fusion reactions and quasi elastic barrier distribution), for studying
the transition from the quasi-elastic regime to the more complex deep inelastic processes and
they may reveal the existence of degrees of freedom that are not incorporated in the above
model.

Here we recall once more that GRAZING calculates the distribution of yields among
the different reaction channels by including surface degrees of freedom (low-lying 2* and 3~
states of projectile and target) and the exchange of nucleons (neutrons and protons) treated
independently and in the successive approximation from the single particle transfer.

4.1. Inclusive cross sections

In figure 19, we display the measured isotopic yields for the reaction **Ni+>3¥U [52], in
comparison with calculations. The data have been obtained by integrating the differential cross
sections in an angular range close to the grazing angle so that the plotted cross sections represent
the direct population of the different mass yields. These yields for the small charge transfers
are peaked around the mass corresponding to the pure proton stripping, while for larger charge
transfers it is observed a drift toward lighter isotopes. This last fact has been ascribed in the
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AZ

Figure 18. Production yields of multinucleon transfer reactions as a function of AN and AZ. The
results refer to the collision of Xe isotopes on 2%8Pb at 700 MeV of center-of-mass bombarding
energy.

previous section to the influence of evaporation. The theory describes reasonably well the
pure neutron transfer and the (—1p) isotopes but underestimates considerably all the other
charges. However, we stress that GRAZING accounts correctly for almost 80% of the direct
transfer yield. For the explanation of the discrepancies at large charge transfers, it is very
difficult at this stage to say what is missing in the model, as degrees of freedom or as reaction
mechanism.

The same problems have been observed in all systems measured so far. As a further
example, in the top row of figure 20 we show the equivalent results for the 3¥Ni+?%Pb system.
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reaction #*Ni+28U at Ejap = 390 MeV in comparison with the prescription of the semiclassical
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Figure 20. Total cross sections for the transfer channels observed in ¥Ni+?%8Pb. Points are
the experimental data while the histograms are the results of calculations taking into account
independent particle transfers (top row), the addition of pair modes for neutrons and protons
(middle) and neutron evaporation (bottom) (from [53]).

Here we note that the shape of the yield distribution reflects very nicely the optimum Q-value
rule that for stable nuclei favors neutron pick-up and proton stripping. The bell shapes are
only restored for massive charge transfers. In the process to understand the charge distribution
we tried to add in the calculation the contribution of a direct pair mode both for neutrons
and protons, by using the macroscopic formulation. To keep at minimum the number of
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parameters we choose to add a single pair mode placed at the optimum Q-value and we used
the strength of the form factor (kept the same for neutrons and protons) to fit the pure —2p
channel. The results of such a calculation are shown in the middle row of the figure. Since the
model provides the excitation energy of the single fragments we are in condition to correct the
primary yield for the evaporation process, the final yield distributions are shown in the bottom
row of the figure where now a reasonable overall description is obtained, note that this has
been achieved by using a single parameter, the strength of the form factor for pair mode.

Unfortunately, the code GRAZING does not allow us to add other degrees of freedom
of the two ions in the calculations, the model includes the surface modes (low-lying and
high-lying 2* and 3~ states) and the single particle transfer via an average form factor (for
neutrons and protons, stripping and pick-up) and a density of single particle states. To include
the pair mode one has to use another code, based on the CWKB approximation. Its main
characteristics are that for the single particle transfer it uses the actual distribution of single
particle levels that are coupled with the true form factors (it has been developed to check
the different approximations that are included in the GRAZING program). The multinucleon
transfer is obtained via a successive mechanism that mimic the approximation of GRAZING.
For the relative motion the program uses the WKB approximation and it is constructed to
reproduce the ordinary DWBA calculations for the one-particle transfer channels (for more
details see [32]).

The role of the pair mode is seen more clearly in figure 21 where for the two indicated
systems we display the inclusive cross sections for pure neutron and pure proton transfer
channels. Note that the pair mode alters very little the cross section for neutron transfer but is
essential for the proton transfer. Here we would like to stress that the pure one-neutron pick-up
is much larger (almost a factor 10) with respect to the pure one-proton stripping transfer. This
may mask the effect of the pair mode since the successive mechanism gives a much larger
contribution for neutrons than for protons.

The angular distribution provides an important information on the reaction mechanism
that is behind the transfer process. In figure 22, we show the angular distributions (Q-value
integrated) for some transfer channels for the reaction Ni+?%®Pb. The bell shape of these
distributions is an indication of the direct nature of the underlying process. The theoretical
description, both in shape and in the position of the grazing angle, demonstrates the correctness
of the used nuclear potential and the chosen range of partial waves that contribute to the cross
sections. The theory on the other hand underestimates considerably the yield at large total
kinetic energy loss as is shown in figure 23. Again, this may indicate that more complicated
processes populate the given isotopes and that the theory most likely underestimates the
reshuffling in the final distributions due to neutron evaporation. One should also stress that the
experimental TKEL has been constructed by assuming a binary reaction therefore the shapes
of the distributions may be somewhat altered, especially for massive transfer channels.

The available inclusive data on neutron transfer show that the total angle and Q-value
integrated cross sections for pure neutron transfer channels drop by an average factor of
~3.5-4 per each transferred neutron suggesting that the process in question proceeds via a
successive transfer of independent particles. One may argue that a possible contribution from
neutron pair modes could show up as an odd—even staggering in the mass yields. However
in inclusive transfer data, as it has been suggested in the previous section, it is very difficult
to see this effect since the total transfer yield is not modified by the residual interaction
that is responsible for the pair correlations. To study this aspect the system ®2Ni+?%Pb has
been investigated [73]. This system has been chosen since the ground—ground state Q values
for pure neutron transfer are all close to optimum Q-value (Q =~ 0) and equals within 1-2
MeV, furthermore the even isotopes of lead form a system of pair vibration and the energies
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Figure 21. Total cross sections (points) for pure neutron pick-up (right frames) and pure proton
stripping (left frames) channels for the “°Ca+2%8Pb and ¥Ni+?%*Pb systems. The dashed lines
are the results of calculations with only independent particle transfers, the full lines include in
addition a pair transfer mode for both neutrons and protons and take into account the effect of the
evaporation (adapted from [32, 53]).

of their 2* levels are all very similar, within 150 keV, and constitute a nice example of
quadrupole pairing states. These properties of lead nuclei should favor the population of
levels close to the ground states and eventually should enhance the effect of the transfer of
pairs [71].

In figure 24, we show the experimental Q-value integrated differential cross sections
obtained at an angle close to the grazing as a function of the number of transferred neutrons.
The measurement has been done at three bombarding energies to see if and how these pair
modes persist as a function of the excitation energy. To show any possible odd—even staggering
the data points have been connected with lines, one for the odd-transferred channels and the
other for the even. The trend of the data is almost energy independent and, at least within
the experimental accuracy, displays a constant drop of the cross sections as a function of the
transferred number of neutrons without any clear odd—even staggering, the one-neutron pick-
up channel seems, at all energies, to have a somewhat lower cross section than that suggested
by the common trend. The results obtained in these inclusive measurements seem to indicate
that multineutron transfer channels are dominated by a sequential mechanism.
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Figure 23. Experimental (histograms) total kinetic energy loss distributions at 6; = 90° for
transfer channels in the S3Ni+28Pb reaction at Ej,, = 328.4 MeV. The solid and dashed lines are
the calculations done with the CWKB and GRAZING, respectively (from [53]).

An interesting question is to what extent this observed behavior of neutron transfer yields
at near barrier energies persists in the sub-barrier domain. Here the two ions probe their
mutual interaction only at very large distances, where the nuclear couplings are dominated
by transfer processes. The number of open reaction channels is obviously reduced, the
Q-value distributions get narrower, thus simplifying the study of the reaction. However,
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Figure 25. Survival probability against fission Ps for the heavy target-like fragments produced in
the 58Ni+2%8Pb reaction at Epp, = 328 MeV as a function of the number of transferred protons
AZ detected with a spectrometer averaged over neutron numbers. Points and histograms are the
experimental and theoretical values, respectively (from [53]).

measurements of heavy-ion transfer reactions at sub-barrier energies are very scarce due to
significant technical difficulties [29]. New possibilities are presently offered with large solid
angle spectrometers, and very recently the inverse kinematic technique at far sub-barrier
energies has been employed with the PRISMA spectrometer for the study of multineutron and
multiproton transfer channels in the *+°°Zr+4°Ca systems.

To finish this section, we want to say some words about the survival probability of
the heavy partner since it is for this fragment of the reaction that the multinucleon transfer
mechanism may be of relevance for the production of neutron rich nuclei. In addition to
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evaporative processes, the heavy fragments may be affected by fission. To check the relevance
of these processes, besides the light transfer products identified with a spectrometer, the heavy
reaction partners have been detected in kinematic coincidence by using position sensitive gas
detectors at the proper geometry [53]. This (simple) technique is valid if the velocity of the
recoils before fission is small compared to that of the fragments after fission so that the fission
products are smoothly distributed in position and can be easily subtracted from the peak of
the coincident heavy recoils. In this way, from the experimental ratios between coincidences
of light and heavy binary partners and the light ones detected with the spectrometer, we could
obtain the survival probability against fission (P;) of the heavy fragments for the **Ni+2%Pb
system, as shown in figure 25 for each (mass integrated) Z. Also in this case we compared
the obtained results with the semiclassical calculations. The semiclassical distribution in
mass, charge, energy and angular momentum has been used as input for the code PACE [74].
The observed good agreement is a further support for the used model. This study has been
performed with stable beams, but, with some caution, it may be a reasonable basis for more
general studies with radioactive beams.

4.2. Pair mode

In the above section, we have seen that to have a reasonable agreement with the inclusive data
one had to include the contribution from a pair mode but we have also seen that it is very
difficult to have a clear signature of this mode solely from inclusive data. In searching for
possible signatures of these pair modes, studies have been pursued on neutron pick-up channels
in closed shell nuclei, the *°Ca+2%Pb system [75]. In the left panel of figure 26 we show
the TKEL distributions measured at E},, = 236 MeV for channels up to +4n in comparison
with theoretical predictions. One observes that the spectra display a well-defined maxima
at energies higher than the ground—ground state Q values (indicated by the down-arrow) so
that, besides for the +1n, the reaction leaves unpopulated the ground states (we recall that the
optimum Q-value for all neutron transfer channels is close to zero).

The calculation gives an overall good description of the experimental spectra and by
looking at the final population of the single particle levels one could infer that the maxima
are dominated by transitions that deposit neutrons in the p3, orbital of the Ca nuclei. This,
for the “>Ca, is compatible with the excitation of 0* states at ~6 MeV as it is shown in the
right panels of figure 26 where for the +2n channel the TKEL distributions measured at three
bombarding energies are displayed. We note here that the spectra widen with the increase of
the bombarding energy with a slight shift of the maxima reflecting the energy dependence of
the optimum Q-value and that the reaction seems to favor the population of the 0" states at
6 MeV of excitation energy.

In trying to understand the origin of this concentration of strength at 6 MeV of excitation
energy a large-scale shell model calculation [76] has been performed for this nucleus to extract
the strength distribution of the 0* states. This theoretical distribution is shown in the bottom
right panel of figure 26. A strong concentration near ~6 MeV of excitation energy is clearly
seen, this is very close to the energy of a configuration where a p3;, neutron pair is coupled
to the *°Ca ground state. From the illustrated facts it is tempting to suggest that the maxima
in the TKEL spectra correspond to the excited 0" states that were identified with a pair mode
in [1]. Using *8Ca as the ground state of the pair vibrational model these states are here
interpreted as the mode (4, 1) in “?Ca and (4, 2) in **Ca, the numbers in parentheses refer to
the pair-removal (n,) and to the pair-additional (n,) mode, respectively.

A direct confirmation of the above suggestions may come by looking at the decay modes
of #*Ca by means of particle-y coincidences. In figure 27, we show the y-spectrum obtained
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Figure 26. Experimental (histograms) and theoretical (curves) total kinetic energy loss
distributions for quasi-elastic (qe) and neutron pick-up channels at Ejop, = 236 MeV (left side)
and for the two-neutron pick-up channels at the three indicated energies (right side). Arrows
indicate the ground-to-ground state Q-value. The short arrows on the right frame correspond to
the energies of 0" states in “>*Ca with an excitation energy lower than 7 MeV. The bottom panel
shows the strength function S(E) from SM calculations (adapted from [75]).

in the reaction “°Ca+°Zr [41], where projectile-like nuclei have been identified with the
PRISMA+CLARA setup. We observe here (see the expanded region) a y-transition at
4340 keV which is consistent with a decay from a level at 5.8 MeV to the 27 state. Its
angular distribution shows an isotropic pattern, though the limited statistics and the lack of
y—y coincidences prevents to draw definite conclusions about the spin.

The 2°°Pb+!8Sn system has been recently investigated [46, 72] with the main aim of
trying to identify pair transfer effects through searching for enhancement factors as outlined
in figure 15 of the previous chapter. This projectile and target combination has characteristics
equivalent to those of 9>Ni and 2°Pb nuclei discussed above, namely ground state Q-values
quite similar for pure neutron transfer channels and close within few MeV to the optimum
Q-value ~0. Nuclei have been identified via their characteristic y decays, and, by requiring
multiplicity zero with a coincident filter detector, one could essentially derive the transfer
yield to the first excited levels of final nuclei. In figure 28, we show the deduced transfer
probabilities as a function of the overlap parameter that is related to the distance of the closest
approach for a Coulomb trajectory leading to the scattering angle 6. At variance with the
results shown in figure 15, the probability for two-neutron transfer is much larger than the
square of the one-neutron transfer probability, as it turns out by extracting the transfer yield
for specific excited states.
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Figure 28. Transfer probabilities as a function of the overlap parameter dy for one- and two-neutron
transfer channels populated in the ''8Sn+20Pb reaction (adapted from [46, 72] which we refer for
details).

4.3. Transfer reactions and y -particle coincidences

Multinucleon transfer reactions have been studied not only with spectrometers (magnetic or
time of flight) but also by employing large y arrays. With these setups the different products
of the reaction are identified by their characteristic y transitions, therefore one can extract the
transfer strength to specific excited states but one cannot obtain information about transitions
reaching the ground state. By employing position information from particle detectors one can
construct the angular distributions for some specific transitions (for instance, from the low-
lying states of target and projectile) and then use the Coulomb excitation to get the absolute
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Figure 29. Experimental (full bars) and theoretical (open bars) total cross sections for the +1n
(*'Ca and '?3Sn) and —1p (*K and '2Sb) channels populated in the 40Ca+!24Sn at Epyp =
170 MeV. For the 123Sn the line at zero excitation energy includes the population of the metastable
state at 24.6 keV. The cross section to this state accounts for more than 80% of the total flux. The
absolute value for cross sections was obtained by normalizing the intensity of the lowest 2% — 0*
transition of 12*Sn to a DWBA calculations (from [47]).

normalization (transformation from counts to mb). Via y—y coincidences one can construct
the spectra of the interested nuclei and thus extract information about the excitation energy
range that can be reached in these reactions.

The population to individual final states for the “°Ca+!2*Sn system has been achieved
by employing a y-particle coincidence technique, identifying the transfer products through
their characteristic y transitions [47]. Doppler correction has been applied once for the light
and once for the heavy partners, and the contribution of the feeding from higher-lying states
has been taken into account to obtain for the different single particle states (reached in one-
neutron pick-up and in one-proton stripping) the total cross sections plotted in figure 29.
These data have been compared with calculations done in the spirit of the CWKB to check the
single-particle form factors, the results are shown in the same figure. Note how the calculated
ground—ground state cross sections (which could not be extracted from such an experiment)
for one-neutron transfer channels (for both #'Ca and '>Sn) represent a substantial fraction of
the total +1n yield.

We mentioned several times that with heavy-ions, even with the use of magnetic
spectrometers, it is very difficult to discriminate between individual states and that only
inclusive cross section can be determined. The use of y-array detectors may in principle help
in this task (at least for some systems) but we are missing here the possibility to measure the
ground-state transitions. Here we would like to illustrate an interesting possibility, offered by
the coupling of a magnetic spectrometer (PRISMA) with the large y array (CLARA) for the
determination of elastic scattering in a heavy-ion collision.
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Figure 30. Top: experimental angle integrated total kinetic energy loss distributions (TKEL) for
907y in the 2°Zr+2%Pb reaction (a) without coincidence with y rays and (b) with at least one y
ray. The two spectra are normalized in such a way that the high TKEL tails match. The gray
area corresponds to the subtraction between the two spectra [(a)-(b)], giving a peak whose width
is ~2.65 MeV. Bottom: experimental (points) and GRAZING calculated (curve) differential cross
section for elastic scattering, normalized to Rutherford (from [41]).

With this setup the pure elastic scattering is determined by comparing the events with
and without y coincidences. In the top panel of figure 30, the total kinetic energy loss
(TKEL) spectra for 07y in the °Zr+>%8Pb reaction with and without y -coincidence are shown,
normalized in the tail (large TKEL) region. By subtraction, we obtain the contribution of pure
elastic (this procedure may not work at angles much forward than the grazing angle since in
this region there are only very few y coming from the inelastic excitation, mostly through the
Coulomb interaction, of the first low-lying states). This subtracted spectrum is characterized
by a narrow peak centered at TKEL ~0 MeV with a FWHM of 2.65 MeV. Moreover, its
centroid is separated by 2.15 MeV from the maximum of the TKEL spectrum in coincidence
with CLARA, whose value is very close to the inelastic excitation of the first 2* state in 07y,
Such a procedure should be reliable, provided that the shape of the spectrum in coincidence
with y rays only weakly depends on the y multiplicity.
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By repeating this subtraction in steps of one degree over the entrance angular range one
obtains the elastic angular distribution whose ratio to Rutherford is shown in the bottom panel
of figure 30, in comparison with the results of GRAZING calculations. The very pronounced
fall-off of the elastic cross section for large angles indicates that the elastic scattering for
this system is dominated by strong absorption and the good agreement between theory and
experiment tells us that the used potential is appropriate for the reaction and that the reaction
channels included in the calculation provide the right depopulation of the entrance channels
(absorption). We feel that the use of particle-y coincidences to determine the true elastic of
quite heavy systems is an interesting example of the application of the technique. Of course it
has to be tried for other systems and in other conditions, at several bombarding energies and
at more forward angles where the number of y is small. This procedure may indeed provide
a very useful tool for the determination of the true elastic also for very heavy systems thus
giving important information on the optical potential.

It has been remarked several times that to analyze the experimental yields we have used
a model that explicitly treats the internal degrees of freedom of the two ions in terms of
elementary modes, surface vibrations and single particles. These modes not only describe the
low energy spectra of projectile and target but provide the building blocks for the description
of neighboring nuclei. Heavy-ion collisions should provide the ideal tool for the studies of
the particle-vibration coupling scheme; in fact, it is through the excitation of these elementary
modes that energy and angular momentum are transferred from the relative motion to the
intrinsic degrees of freedom and that mass and charge are exchanged among the two partners
of the collision. The spectra of the neighboring nuclei, populated in the reaction, comprise
partly single-particle or single hole states and partly states that involve combinations of singe-
particle or hole with a collective boson.

Of particular importance from this point of view is the contribution of [77] where, in an
experiment with thick target, they identified for several nuclei close to °*Pb transitions that
evidentiated the coupling of the 3™ state to single particle configurations populated in the
reaction and provided matrix elements that are essential for the development of shell model
calculations in the particle-vibration coupling scheme. Here we recall that the 2°Pb nucleus
constitutes an ideal laboratory for the study of particle-phonon states, its first excited states
being the collective 3~ at 2.62 MeV and its first positive parity state being the 2* at 4.05 MeV.
The collectivity of the 37 is not dominated by few particle-hole components but derives from
the cooperative action of many configurations.

In this section, we would like to concentrate on the spectra of the target-like nuclei
populated via one-nucleon transfer reactions in the *°Ca+%Zr collision [41]. Our analysis will
follow closely that of [77, 78] where the particle-phonon states in % Bi and 2°’Pb populated
in deep-inelastic heavy-ion collisions have been analyzed in great detail. The *°Zr nucleus
presents a more complicated situation, its low-energy spectrum is dominated by a 2" state
at 1.75 MeV and by a 3~ state at 1.897 MeV. This at last is very collective (51 W.u.) and
decays predominantly via an E1 transition through the 2* state but has a collective branching
via an E3 transition to the ground state. The decay pattern is illustrated in figure 31 where
a schematic representation of the levels of *°Zr, Zr and °’Nb is depicted. In figure 32, the
corresponding y-ray spectra, obtained by applying Doppler correction for target-like binary
partners of °Ca, *!Ca and *’K detected in PRISMA are reported, respectively.

The ground state of *>Zr is well described by a neutron—hole in the (ds/2) ™! orbital. By
coupling this hole state with 37, one expects a sextuplet of states (1/27,3/27,...,11/27)
at an energy close to that of the 3~ and similarly by coupling the same hole state to the
lower 2* one expects a quintuplet (1/2*,3/2*...,9/2%) at an energy close to that of the 2*.
The reaction mechanism does not populate the components of the two multiplets uniformly
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Figure 31. Simplified level scheme of the first excited states of *°Zr, >>Zr and °’Nb. With vertical
lines the y transitions are indicated that are discussed in the text.

but favor the stretched configurations 11/27 and 9/2" since the transfer probability has its
maximum at the largest angular momentum transfer. From the adopted levels of *>Zr, the state
at 2025 keV populated in (p, d) and (*He, «) reactions (recognized as 9/27, 11/27) is anatural
candidate for the stretched configuration |37, (ds/2)~'). Very recently, the level scheme of
95Zr has been re-measured [79] in heavy-ion induced fission reactions and, the sequence of
y rays of 229.7 [11/27 — (9/2%)], 115.8[(9/2*) — (7/2*] and 1676.8 [(7/2*) — 5/2;S_]
keV has been proposed for the decay of the 11/27 state. In figure 32, the measured spectra
of %Zr show very clearly all these transitions. In addition, it is visible that a new transition
at £, = 2022 keV can be naturally interpreted as the decay to the ground state of the 11/27.
The intensity of this transition, relative to the E1, is very similar to that observed in *°Zr thus
reinforcing our interpretation that the 11/27 state is a member of a hole-boson |37, (ds /2)’1)
multiplet.

Of course, we would like to look for a similar configuration in the proton sector i.e. in
the spectra of °’Nb that is populated in the reaction via a proton stripping process. Here the
ground state of ’Nb is quite well described by a pure proton in the go /2 orbital and from
the particle-vibration coupling we should expect two multiplets coming from the coupling of
the go/> proton with the 2* and the 3~ bosons of “°Zr. Also for the proton stripping channels the
population of the two multiplets should be mostly concentrated in its stretched configuration
15/2~ for the coupling with the 3~ and 13/2* for the coupling with the 2*. For this nucleus
the adopted level scheme is of little use since the two stretched configuration have not yet
been identified. In our spectra, cf figure 32, where the E3 transition is expected, we see two
y rays with energies of 1931 and 2088 keV that can be tentatively proposed for the E3 decay
from the 15/2~ state (a 2092 keV level is tabulated as 3/2%,5/2*%). The signature of the El
decay branch of this 15/2~ to the 13/2* member of the multiplet with the 2* would require
y—y coincidences which, within the limit of the accumulated statistics, could not be achieved
in the present experiment. However, we observe an intense y-line at 803.4 keV that is quite
close (E, = 824.7 keV) to the (13/2* — 9 /2;S) transition in > Nb identified in recent high
spin studies [80]. Thus, placing the 13/2* state at 803 keV, the missing E1 transition from
15/27 could be identified with the very intense transition that we observe at 1276 keV. If this
identification is correct we have to place the energy of 15/2~ at 2088 MeV. The fact that our
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Figure 32. y-ray spectra for *°Zr, ®Zr and *’Nb obtained in the “°Ca+0Zr reaction (adapted
from [41]).

identification places the 13/2* member of the multiplet |2*, go/») at a very low energy should
not be surprising since the blocking of the go/» orbital strongly modifies the wavefunction of
the 2* states. As mentioned above a clear identification of the decay scheme will require a
y—y coincidence experiment.

5. Summary and outlook

In this review, we discussed the progress made in the last years in the field of heavy-ion transfer
reactions at the Coulomb barrier. Charge and mass yields, differential and total cross sections,
and total kinetic energy loss distributions, have been measured for inclusive multineutron
and multiproton transfer channels for several systems. The experimental yields have been
analyzed with semiclassical theories developed to calculate at the same time quasi-elastic and
deep-inelastic processes. These theories have been able to provide a consistent description
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of transfer and fusion reactions by using few degrees of freedom, surface modes and single
particles.

From the comparison between data and theory, one could probe the importance of the
elementary modes in transfer processes and to what extent they can describe the complex
mechanism of multinucleon transfer. For the inclusive data, one can presently obtain a
reasonable agreement by adding the contribution of a pair mode (simultaneous transfer of
a pair of nucleons) that turned out to be of particular importance for multicharge transfer
channels. It has been also shown that the direct experimental signatures of these pair modes
solely from inclusive cross sections are not conclusive, calling for the discrimination of the
final states reached via the transfer process. Also, the theoretical description of these pair
degrees of freedom lacks and much more work should be done both from the structure point
on view and from the mechanism underlying the transfer of the pair. These studies will be
of particular relevance for the foreseen experiments with radioactive beams where the pair
correlation should play a relevant role. Effects of particle evaporation due to large energy
losses, present even at near barrier energies, have been identified, both indirectly (asymmetric
behavior of neutron pick-up and neutron stripping channels) and directly (by exploiting y-
particle coincidences). The effect of particle evaporation and transfer-induced fission of the
heavy transfer products has been discussed, being their effects essential for the cross section
predictions of neutron-rich (heavy) nuclei produced via multinucleon transfer.

New opportunities are offered by the implementation of large acceptance spectrometers
based on trajectory reconstruction. With these devices one gained more than an order of
magnitude in the total efficiency while keeping good resolution for the detection of heavy-ion
transfer products. Therefore, in coupling them with y arrays, one can study the transfer yield
to specific final states and their decay modes. First studies of this kind together with results
of elastic scattering and of the population pattern of states of particle-vibration character have
been presented. These results show also that future steps require an increase of the overall
efficiency, in order to be able to implement y—y—particle coincidences (to unambiguosly
identify nuclear structure observables, spin, parity and correctly attribute the levels to a
definite nucleus) and to detect high-energy y rays (important for the decay modes of pairing
vibrational structures and other high-lying 0* states). Significant improvements in the field
can only come by a much wider investigations in different systems, where a complete set
of observables is necessary. Very poorly investigated areas are those at sub-barrier energies
where nuclei enter into contact through the long tail of the nuclear densities. It is in these
regions that, for very neutron-rich nuclei, information on nucleon—nucleon correlation could
be obtained simply by studying the excitation functions of specific transfer channels.

Finally, transfer reactions are known to be important in connection with near-barrier
studies, where it is mandatory to coherently describe the partition of the total reaction cross
sections amongst all open reaction channels, this is particularly delicate for heavy systems
where deep inelastic and/or quasi-fission components set-in even at very low energies. Below
the barrier, coupling effects on fusion cross sections due to transfer are still an open question
and possible improvements may come from detailed studies where elastic, inelastic and transfer
channels are unambiguously identified.
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