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Probing nucleon-nucleon correlations via heavy ion transfer reactions

S. Szilner'-2

"Ruder Boskovi¢ Institute, Zagreb, Croatia

Abstract. The revival of transfer reaction studies benefited from the construction of the new generation large
solid angle spectrometers, coupled to large y arrays. The recent results of y-particle coincident measurements
demonstrate a strong interplay between single-particle and collective degrees of freedom that is pertinent to
the reaction dynamics. By studies of transfer of pairs, valuable information on the component responsible for

particle correlations has been derived.

1 Introduction

Transfer reactions have an important impact in the under-
standing of correlations in the nuclear medium, and play a
very important role for the study of the evolution from the
quasi-elastic to the deep-inelastic and fusion regime [1].
In heavy-ion induced transfer reactions, the constituents
of the collision may exchange many nucleons, thus pro-
viding information on the contribution of single particle
and correlated particle transfers, and on the contribution of
surface vibrations (bosons) and their coupling with single
particles (fermions). The the component responsible for
particle correlations such as the pairing interaction can be
studied in multinucleon transfer reactions. Although, the
analysis and interpretation of these reactions can be quite
complex because information about correlations is often
hidden in the inclusive character of the extracted cross
sections. Making use of the semi-classical approximation
it has been possible to extend the concept of elementary
modes of excitation in the reaction model that allowed to
quantitatively study reactions that involve the transfer of
many nucleons, and to predict how the total reaction cross
section is shared between different channels.

The recent revival of transfer reaction studies greatly
benefited from the construction of the new generation
large solid angle spectrometers based on trajectory recon-
struction that reached an unprecedented efficiency and se-
lectivity. The coupling of these spectrometers with large
y arrays allowed the identification of individual excited
states and their population pattern.

In this paper, some of the main advances in the field
recently achieved are outlined. After a brief presentation
of the experimental techniques, the main characteristics of
multinucleon transfer reaction will be discussed. In par-
ticular how single particle and more complex degrees of
freedom act in the transfer process.
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2 Heavy ion magnetic spectrometers

Different techniques have been employed to identify nu-
clei produced in transfer reactions, most of them making
use of magnetic spectrographs or spectrometers for a com-
plete identification of nuclear charge, mass and energy of
final reaction products. While dealing with heavier ions
and weaker transfer channels, the solid angle of spectrom-
eters increased. For such large solid angle spectrome-
ters, in order to preserve nuclear charge and mass separa-
tion position information becomes crucial. The presently
adopted solution in such cases is a simplified magnetic el-
ement configuration and the use of the concept of trajec-
tory reconstruction. This idea has been successfully em-
ployed in the very large solid angle (~100 msr) spectrom-
eters PRISMA [2, 3], VAMOS [4] and MAGNEX [5].

As an example of the performance of these large solid
angle spectrometers, in Fig. 1 is shown the mass distri-
bution of chlorine isotopes populated in “°Ar+2%Pb re-
action measured with the spectrometer PRISMA. As the
energy resolution is presently limited to few hundreds of
keV, the spectrometers have been coupled with large y ar-
rays (CLARA [6], AGATA [7], EXOGAM [8]) in order to
distinguish the excited states of the final fragments. The
quality of the y array spectra, obtained after Doppler cor-
rection based on the knowledge of the velocity vector mea-
sured in PRISMA, is also demonstrated in Fig. 1 (bottom).

A very important use of such y-particle coincidence
technique is for studies of nuclei moderately far from sta-
bility whose structure is poorly known (see for example
[9, 10] and refs. therein). 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 popula-
tion of final states, and facilitates the study of states as-
sociated with specific excitation energy or with specific
structural properties.
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Figure 1. (Top left) Mass distribution of chlorine isotopes pop-
ulated in “°Ar+2%Pb at Ey,, = 255 MeV and at 6,,, = 54° in coin-
cidence with y rays. (Top right) TKEL distribution for *Cl (-1p
channel) produced in the “*Ar+2%Pb reaction. (Bottom) Associ-
ated y-ray spectra for **Cl without conditions on TKEL (top) and
conditioned (middle and bottom) with different regions of TKEL
distributions, marked as (A) and (B) in the TKEL spectrum.

3 Reaction mechanism

Grazing collisions produce a wealth of nuclei in a wide
energy and angular range and with cross sections span-
ning several orders of magnitude. The determination of
the absolute cross sections was crucial in order to under-
stand how the total cross sections is divided between many
open channels, and which degrees of freedom govern these
processes. The quality of data and theoretical calculations
presently achieved is demonstrated in Fig. 2 where it is
shown, as a representative example, the neutron pick-up
channels and the channels involving the one proton strip-
ping (=1p + xn) in the reaction *°Ca+%Zr [2].

The total cross sections in Fig. 2 are compared
with calculations performed with the semi-classical code
GRAZING [11]. This model calculates how the total reac-
tion cross section is distributed amongst the different reac-
tion channels by treating quasi-elastic and deep-inelastic
processes on the same footing. The GRAZING model
takes into account, besides the relative motion variables,
the intrinsic degrees of freedom of projectile and target.
These are the surface degrees of freedom and particle
transfer. The exchange of many nucleons proceeds via a
multi-step mechanism of single nucleons.

The total cross sections on the multinucleon transfer
reactions have been also recently studied within the model
based on Langevin [12] or Time Dependent Hartree Fock
theory [13-15].

Total angle and Q-value integrated cross sections for
multi-neutron and multi-proton channels have been inves-
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Figure 2. Total cross sections for one-proton stripping (left
panel) and pure neutron pick-up (right panel) channels in the
40Ca+%Zr reaction. The points are the experimental data and
the histograms are the GRAZING code calculations (see text).

tigated with spectrometers in various systems close to the
Coulomb barrier (*8Ni+2%Pb [16], “°Ca+2%Pb [17, 18],
40Ca+%7Zr, 297r+2%pPb [2, 19], and *°Ar+2%8Pb [20]). In
these systems one finds that most nuclei produced in trans-
fer reactions have N/Z ratio smaller than one of the com-
pound nucleus, implying the dominance of a direct mech-
anism in the population of different fragments. For the
many-proton transfer channels the isotopic distributions
drift toward lower masses, a clear indication that these
distributions are affected by evaporation processes. The
cross sections for the neutron pick-up drop by almost a
constant factor for each transferred neutron, as an indepen-
dent particle mechanism would suggest. The comparison
with calculations supports this idea. One can also mention
that the pure proton cross sections behave differently, with
the population of the (—2p) channel as strong as the (—1p)
channel, suggesting the contribution of processes involv-
ing the transfer of proton pairs in addition to the succes-
sive transfer of single protons. This apparent proton and
neutron asymmetric behavior is due to the fact that the
one-neutron transfer cross section is almost one order of
magnitude larger than the one-proton transfer (see Fig. 2).
Thus, the contribution of a pair-transfer mode is masked,
in the neutron sector, by the successive mechanism. As
the very short-range pairing interaction redistributes the
strength around the pure configurations, it is very impor-
tant to study the yields distribution of the individual states.
This subject will be addressed in next section.

4 Nucleon-nucleon correlations

Heavy-ion transfer reactions are an ideal tool for the study
of the residual interaction in nuclei, in particular the com-
ponents responsible for the couplings between the single
particle and phonon degrees of freedom, as well as parti-
cle correlations. Below, the recent studies on the subjects
will be discussed.
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4.1 Particle vibration couplings

The coupling of single-particle degrees of freedom to nu-
clear vibration quanta is essential for the description of
many basic states in the vicinity of closed shells. The ef-
fects of such coupling are largely unexplored, in partic-
ular, whether and to what extent a population of states
of particle-phonon nature is present in isotopic chains
reached via multiple-particle transfer mechanism. The Ar
(neutron transfer channels) [21] and Cl [22] (one proton
stripping channels) isotopes have been populated in the
40 Ar+298Pb reaction. Their y spectra display strong tran-
sitions which can be connected with the single-particle or
single-hole states. In addition, through the whole isotopic
chain also states that involve combinations of a single par-
ticle or hole with a collective boson have been populated.
For example, in *°Ar one notices a very strong population
of the 2* state. In *'Ar, the one-neutron transfer chan-
nel, besides the low lying states with a pronounced single-
particle character, as the 3/2~ state, the decay of the 11/2~
state has been observed. A similar pattern occurs in other
populated odd Ar isotopes (see Fig. 3 top panel). These
11/2" states can be understood as a coupling of a col-
lective boson to single-particle states (i.e. [2%,( fm)l >)
giving a 11/27 stretched configuration. The properties of
such states are closely connected with the properties of
the vibration quanta, allowing one to follow the develop-
ment of collectivity in odd isotopic chain, a phenomenon
widely discussed in even-even isotopes (see Fig. 3 top
panel). The significant population of states that match a
stretched configuration of the valence neutron coupled to
the vibration quanta, demonstrates the importance of the
excitation of the states whose structure can be explained
with the same degrees of freedom which are needed in the
reaction model: surface vibrations, and single particles. It
is through the excitation of these modes that energy and
angular momentum are transferred from the relative mo-
tion to these intrinsic degrees of freedom and that mass
and charge are exchanged among the two partners of the
collision.

In recent years, a special interest was dedicated to the
breakdown of the N = 28 magic number, or vanishing of
the proton Z = 16 sub-shell gap [24, 25]. The behavior of
the proton s/, and d3, orbitals was crucial in understand-
ing these effects. In chlorine nuclei one expects that the
s1/2 orbital is completely filled and that the unpaired pro-
ton occupies the d3, orbital. Figure 1 shows the y spectra
of the 3*Cl isotope, where the strongest line belongs to the
decay of the 1/2* state to the ground 3/2* state, with a
dominant single particle configurations. With increasing
neutron number, the ds;; — s1/2 splitting is reduced and
mixing between different proton configurations increases.
This mixing results in nearly quasi-particle states where
the heavy Cl isotopes can be viewed as one proton cou-
pled to the corresponding quadrupole excitation of 4~DS
isotope. This behavior in Cl isotopes can be demonstrated
by inspecting the 5/27 states (see Fig. 3 bottom panel)
[22]. A similar trend of the energies of the higher spin
states, 7/2* and 9/2%, has been observed.
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Figure 3. (Top): Energies of the 2%, 4" and 11/2" states of argon
isotopes with N = 20-28. Solid circles are shell-model calculated
energies, whereas open squares are the energies of the adopted
level in *° Ar, recently measured 11/2™ in *' Ar [21] and ¥ Ar [23].
In the most recent compilation of the 43 Ar level properties, a level
at 1911(5) keV is a good candidate for the 11/2 state, and was
added for completeness. (Bottom): Absolute energy difference
between the lowest 1/2* and 3/2* states in the odd-even chlorine
isotopes (filled squares, violet) and excitation energies of the 5/2*
states (filled circles, black), compared with the energies of the 2*
states in S isotopes (empty squares, red), as a function of the
neutron number. Curves are here only to guide eyes.

A strong excitation of states whose dominant struc-
ture can be viewed as a particle or hole coupled to the
quadrupole or octupole excitation has been also observed
in many other isotopic chain populated by multi-nucleon
transfer reactions [9, 26-28].

4.2 Pair correlations

As already discussed, in Sec. 3, in order to obtain a good
description of the experimental total cross sections for the
different isotopes populated in the reaction one has to in-
clude, in the theoretical model, the degrees of freedom
related to the transfer of pairs of nucleons, both protons
and neutrons. The influence of these degrees of freedom
was particularly visible in the total cross sections of the
proton transfer channels. Contrary to the neutron pick-up
channels where the effect of the transfer of correlated neu-
tron pairs was imbedded in the much larger cross sections.
Thus, to have evidence of the excitation of these modes in
the neutron sector the analysis of the total kinetic energy
distributions have been performed. Figure 4 displays the
TKEL distributions for the Ca isotopes (the quasi-elastic,
(+1n) and (+2n) transfer channels) populated in the differ-
ent measurements: the *°Ca+2%Pb reaction measured by
a time-of-flight spectrometer (middle) [18], the °Ca+°Zr
reaction where the Ca-like fragments have been detected
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Figure 4. TKEL of “’Ca (left), 'Ca (middle) and **Ca (right)
populated in the *Zr+*°Ca reaction measured in the inverse kine-
matic by the PRISMA spectrometer (top), and in the *°Ca+2*Pb
reaction measured by the time-of-flight spectrometer PISOLO
(middle) and in the “°Ca+°°Zr measured by the PRISMA spec-
trometer (bottom). Horizontal lines indicate the ground to ground
state Q-value.

in the PRISMA spectrometer in the direct (bottom) and in-
verse kinematic (top). As can be appreciated from Fig. 4
the TKEL spectra display a well defined maximum, which
is in the case of the *?*Ca, the (+2n) channel, shifted to
high energy losses, leaving the ground states unpopulated
(notice that the optimum Q-value for all neutron transfer
channels is close to 0). The centroid of the TKEL spec-
tra of the (+2n) channel is consistent with the population
of a 0% state at ~5.8 MeV where a pairing-vibration state
should be located [29]. In fact, systematic studies of (p, t)
and (¢, p) reactions [30, 31] identified the calcium region
as the only known region where the cross sections for the
population of the excited 0* states is larger than the ground
state. This behaviour is essentially due to the role played
by the single particle states f7, and ps;,. While the first
dominates the ground state wave function of **Ca the sec-
ond dominates the wave function of the 0" state at ~5.8
MeV. The coupling of the PRISMA spectrometer to the
CLARA v array allows the observation of the decay pat-
tern of the populated states (see Fig. 5). The observed
y-transition at 4340 keV is consistent with a decay from
the 0" at 5.8 MeV to the 2 state. The limited statistics
accumulated for this transition (we remark that such high
energy vy rays have a low photo-peak efficiency) does not
allow to deduce the spin of the populated level, though the
distribution over the rings of CLARA shows an isotropic
pattern but with very large error-bars.

In this context, it is also important to investigate the
role played by neutron-proton correlations. Nuclear mod-
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Figure 5. Level scheme of *?Ca, populated via (+2n) channel in
40Ca+%7Zr. Relative y-ray intensities are indicated by the width
of the arrows.

els point out that such a correlation is expected to be
strongest in N ~ Z nuclei, where protons and neutrons
occupy the same orbitals [32]. As known, multinucleon
transfer reactions allow the transfer of large number of nu-
cleons, and the strength of each of these channels is gov-
erned by form factors and optimum Q-value consideration.
In order to study proton-neutron correlation one has to use
systems where the population of the (np) channels is al-
lowed by the Q-value.

This situation is met in the “°Ar+29%Pb system, where
the population of the (+np) channel is allowed by the Q-
value consideration, The total cross sections in *°Ar+2%Pb
have been compared with the semi-classical code GRAZ-
ING. The preliminary results show that while the GRAZ-
ING code describes well the cross sections in the (+1p)
and (+1n) channels, it strongly underestimates the mea-
sured cross sections in the (+np) channels (note that the
GRAZING code includes only the independent proton and
neutron transfers). In addition, the study of the coincident
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Figure 6. Total cross section in the AN (number of transferred
neutrons) vs. AZ (number of transferred protons) matrix calcu-
lated with the code GRAZING for the **Mo+>*Fe reaction at an
energy close to the Coulomb barrier. Positive and negative num-
bers correspond to pick-up and stripping channels, respectively.

v spectrum of *?K, shows that beside the population of the
low-laying negative parity states, whose structure can be
viewed as a multiplet arising from the coupling of the un-
paired proton in the d3;, and the unpaired neutron in the
f7/2 orbitals, the population of the higher lying positive
parity states has been observed. Those states can be ex-
plained as the excitation of the proton to the f7/, orbital
and its coupling to the unpaired neutron in the same or-
bital.

The other approach in the study of the role played
by neutron-proton correlations is the study of the exci-
tation functions at energies below the barrier, where the
interacting nuclei are only slightly influenced by the nu-
clear potential and Q values are restricted to few MeV
for the open transfer channels. These conditions dimin-
ish the complexity of coupled channel calculations and
quantitative information may be more reliable extracted
on the nucleon-nucleon correlations. Such experimental
techniques has been recently employed in the study of the
neutron-neutron correlations [19, 33]. In this sense we
recently studied the *>Mo+3*Fe system by exploiting the
large acceptance of the spectrometer PRISMA and by em-
ploying inverse kinematics. This system cope well with
the peculiar experimental constraints of the inverse kine-
matic measurement at sub-barrier energies, and a signifi-
cant transfer yield could be detected at the level of 107*
with respect to the elastic channel. In addition, with the
92Mo+>*Fe reaction we are coming as close as heavy-ion
induced transfer reactions allow to the N = Z = 27 re-
gion i(see Fig. 6) which is presently at the focus in the
light-ion induced reactions. Therefore, the possibility to
compare enhancement factors in light-ion and heavy-ion
induced reactions in that region will strongly help in the
understanding of pair transfer degrees of freedom.

5 Summary

The advent of the last generation large solid angle mag-
netic spectrometers, coupled to large y arrays, ensured sig-
nificant advances in the field of multinucleon transfer re-
actions at energies close to the Coulomb barrier. Through
multiple transfers of neutrons and protons one can popu-
late nuclei moderately far from stability, especially in the
neutron-rich region. From the point of view of the mech-
anism, present focus is also on the study of the produc-
tion and properties of the heavy binary partner [34]. Of
special interest is to get access to neutron rich heavy nu-
clei, important also for astrophysics. Even with the pres-
ence of secondary effects, namely nucleon evaporation and
transfer induced fission, which lower the final yield, multi-
nucleon transfer reactions still provide a sufficient cross
sections especially in the regions where other production
methods, like fission of fragmentation, have severe limi-
tations or cannot be used at all. These studies will be of
increasing relevance for the ongoing and foreseen experi-
ments with radioactive beams [35, 36].
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