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Academic Year 2018/2019





Abstract

Multinucleon transfer reactions were measured in the 206Pb + 118Sn system to study

nucleon-nucleon correlation properties, whose information will be extracted via the

transfer probabilities for one and two neutron transfers in an energy range from

above to well below the Coulomb barrier. The aim of this thesis was to identify the

nuclear charges of the Sn-like transfer products by analyzing the data at the highest

measured bombarding energy (Elab=1200).

The measurement of the transfer products was carried out with the large accep-

tance PRISMA spectrometer at θlab=25◦ and 35◦. After a sophisticated analysis

procedure, the mass-integrated proton channels ranging from (-7p) to (+6p) and

from (-8p) to (+5p) for the measurements at θlab=25◦ and 35◦, respectively, were

identified.

The extracted yields were compared with the semi-classical model GRAZING

whose prediction that the proton stripping path is more favoured than the pick-up

one was confirmed by the measurements at both angles. In the comparison with the

previously studied 197Au+130Te [1] heavy system, our data were much more under-

estimated giving us insight into the dominance of the deep-inelastic components as

a result of the used higher bombarding energy. In this way, it is expected that at

the lower energies the deep-inelastic components will be strongly reduced and the

quasi-elastic components will be much more dominant providing the best condition

for the nucleon-nucleon correlation studies.

The data at lower bombarding energies, where it will be especially important to

distinguish pure proton and pure neutron transfer channels, will be the subject of

future studies. In this context, the present thesis serves also as a solid basis for such

a challenging job.
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Chapter 1

Introduction

One of the main goals of nuclear physics is to understand the structure of nuclei

and their properties. Nuclear reaction studies aim to reach this goal through differ-

ent reaction mechanisms. In particular, heavy-ion collisions performed at energies

around the Coulomb barrier open many possible applications of transfer reactions

like, for example, defining the properties of nucleon-nucleon correlations.

Two-nucleon transfer reactions induced by the pairing interaction are a unique

tool to investigate the nucleon-nucleon correlations in nuclei. Several experiments

performed in the past were explained mainly via the extraction of enhancement co-

efficients providing a direct information of the correlation of the populated states

[20]. Unfortunately, the experimental evidence was marred by the fact that the

most of the existing studies involved inclusive cross sections at energies higher than

the Coulomb barrier and at angles forward of the grazing [21], where the interplay

between nuclear attraction and Coulomb repulsion complicates the reaction mecha-

nism.

With the recent construction of the new generation large solid angle spectrome-

ters, one can gain more than one order of magnitude in overall efficiency compared

to the conventional devices preserving good ion identification also using bombard-

ing energies below the Coulomb barrier, where interacting nuclei are at very large

distances and the influence of the nuclear attraction can be easily accounted for [7].

This is one of the reasons which led to the renewal of the interest in transfer reac-

tions which could be used in the study of nuclear structure and the nuclear reaction

dynamics.

The use of transfer reactions with light ions provided evidence on the construction

of shell model and on the study of the properties of nucleon-nucleon correlation in

the nuclear medium. In very recent years, considerable progress has been made
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CHAPTER 1. INTRODUCTION

in the exploiting of multinucleon transfer reactions with heavy ions at the energies

around the Coulomb barrier which gave opportunity to study the relative role of

single-particle and pair-transfer modes [10].

The possibility of probing pair correlations in heavy-ion collisions has been an

open questions for many years. In more recent years the use of the large acceptance

magnetic spectrometer PRISMA in combination with the inverse kinematics condi-

tion allowed to extract the quantitative information on the nucleon-nucleon corre-

lation by employing the experimental spectroscopic factors and the correct nuclear

structure information. For the first time in a heavy-ion collision, the one neutron

and the two neutron transfer reactions were described, without introducing any en-

hancement factor for two neutron transfer, in the 116Sn + 60Ni system by including

all the necessary information on the entrance and on the exit channel in the reac-

tion mechanism. In this system the ground to ground state Q-values for one-neutron

and two-neutron transfers were very close to optimum (Qopt ∼ 0) which made the

reaction feasible to study. The data were represented by the transfer probability

(Ptr), defined as ratio of the neutron transfer cross section to the corresponding

Rutherford cross section. The employed theoretical microscopic calculation very

well reproduced the experimental data, in particular the transfer probabilities for

the one and two neutron channels showed good agreement in absolute value and

slope [7].

In the collision amongst very heavy ions, the influence of nucleon-nucleon corre-

lations in the evolution of the reaction is not well known and it could be modified

significantly due to the population of highly excited final states and angular momen-

tum in the presence of high Coulomb field. It would be interesting to investigate

the behavior of the transfer probabilities for one-neutron and two-neutron transfers,

the break of pairing interaction and the Q-value dependence of the transfer cross

sections. For a proper comparison with already studied systems, the 206Pb + 118Sn

system is an excellent candidate having a semi-magic combination, with closed pro-

ton shells and open neutron shells, with the ground to ground state Q-values for

neutron transfers close to optimum. In addition, this system meets the requirement

to be detected with high enough resolution in A, Z and Q-value [9].

Within this context, an experiment of multinucleon transfer reaction of 206Pb

+ 118Sn system at three different energies around the Coulomb barrier, namely at

Elab=1200, 1090 and 1035 MeV in inverse kinematics, was performed. The reaction

products were measured with the PRISMA spectrometer at two different angles,

namely at θlab=25◦ and 35◦, covering a wide range of the distance of closest approach

14



corresponding to the various transfer probabilities for both neutron and proton

stripping and pick-up channels.

As a first step in this very complex analysis it is essential to focus on the bom-

barding energy above the Coulomb barrier since at this energy one can have the

highest kinetic energies of the outgoing ions and the highest cross section of the

transfer products, in particular for the proton transfer channels, with the best Z

resolution in the IC. The thesis is therefore aimed at the identification of the nuclear

charge Z of the Sn-like reaction products of the measurement at the highest energies

at both angles. The extracted yields of mass-integrated proton transfer channels

will be compared with theoretical calculation based on the GRAZING model which

predicts for this system the population of multinucleon transfer channels in both

proton pick-up and stripping directions.

The performed procedure of data analysis for this thesis, which includes the

calibration of the PRISMA detectors, can be used as a solid basis for future work

incorporating the full reconstruction of atomic mass, nuclear charge and Q-value of

the reaction products.
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Chapter 2

Generals on transfer reactions

with heavy ions

In this Chapter, heavy-ion collisions at energies close to the Coulomb barrier will

be discussed, particularly focusing on multinucleon transfer reactions (MNT). Then

the results of the recently performed experiments on the MNT reactions will be

presented. Later, few theoretical concepts used to describe the transfer processes

will be outlined.

2.1 Heavy-ion reactions near the Coulomb barrier

Nuclear reactions are an extremely complicated many-body quantum mechanical

processes which depend on the structure of the involved nuclei and on the reaction

mechanism. The variety of processes involved in the collision can be classified ac-

cording to the timescales, impact parameters, involved masses, transferred angular

momenta and kinetic energies. A simplified sketch of the various reaction mecha-

nisms induced in heavy-ion collisions at the energies around the Coulomb barrier is

shown in Figure 2.1. Increasing the impact parameter the interaction of heavy-ions

evolves from fusion reactions, through deep inelastic processes, to quasi-elastic re-

actions. The elastic scattering dominates for distant collision where nuclei feel only

Coulomb force.

Although the number of processes involved in heavy-ion reactions is large, some

concepts such as the major role played by the Coulomb force are common to all of

them.

Some of the basic features of heavy-ion reactions can be understood in terms of

an interaction potential U(r) between the centers of mass of the two colliding nuclei

17



CHAPTER 2. GENERALS ON TRANSFER REACTIONS WITH HEAVY IONS

| Introduction

1.1 Nuclear reactions close and above the Coulomb barrier

Collisions between heavy ions close and above the Coulomb barrier yield a vast and diverse spectrum

of reaction modes. Nuclear reactions can be classified by timescales, involved masses and kinetic

energies, and by the impact parameter b. Simplified sketches of the different reaction mechanisms with

varying penetration energy and impact parameter are given in Fig. 1 and in Fig. 2. Elastic Rutherford

scattering and Coulomb excitation dominate for distant collisions, i.e. large impact parameters. If the

energies of the colliding nuclei do not reach the Coulomb barrier, the trajectories are mostly governed

by the electromagnetic interaction and are calculable with a high precision [1, 2].

At low impact parameters, a di-nuclear system is formed as a basic transitional stage between the

entrance channel and the formation of reaction products [4]. At this initial phase of the reaction,

the two fragments are linked by a neck [5]. In a head-on collision scenario at energies above the

Coulomb barrier, fusion-evaporation reactions take place. The projectile is incorporated into the

target nucleus and a hot compound nucleus, in which all degrees of freedom are populated, is formed.

This highly-excited system reaches thermodynamic equilibrium in timescales of t > 10�20 s and,

subsequently, within 10�15 s, it evaporates nucleons and high-energy � rays until the excitation energy

is smaller than the particle-separation energy above the yrast line [6]. Depending on the number of

emitted particles, various residual nuclei are populated which may further decay via �-ray emission.

Formation and decay of the compound nucleus are independent; the initial identities of projectile

and target are lost. The excitation energy depends on the initial kinetic energy and the Q value

Inelastic scattering
(Coulomb excitation)

Elastic (Rutherford) scattering

Complete fusion

Deep-inelastic transfer
& incomplete Fusion

Quasi-elastic scattering

b

Figure 1: Reaction channels depending on the impact parameter. In the two regimes of multinucleon
transfer, quasi-elastic and deep-inelastic transfer, beam- and target-like fragments retain a
partial memory of the initial reaction channel. Production cross sections are maximized
around a reaction-specific grazing angle. Adapted from Ref. [3].

7

Figure 2.1: Classification of the reaction mechanisms between heavy ions as a func-

tion of the impact parameter [2].

A and B consisting of a Coulomb repulsion UC(r), a short-range nuclear attraction

Un(r) and a centrifugal potential Ul(r). The Coulomb potential UC(r) by using two

point charges ZA and ZB is expressed as

UC(r) =
ZAZBe

2

r
(2.1)

The nuclear interaction Un(r) is often represented by a Woods-Saxon potential with

depth U0, the inverse diffuseness 1/a and the nuclear radii Ri = (1.20A
1/3
i −0.08) fm:

Un(r) = − U0

1 + exp[(r −RA −RB)/a]
(2.2)

The centrifugal potential Ul(r) with the angular momentum l, the reduced Planck

constant ~=6.582×10−16 eVs and the reduced mass µ = (AA · AB)/(AA + AB) is

written as

Ul(r) =
l(l + 1)~2

2µr2
(2.3)

In this way, the basic form of the effective radial potential U(r) can be defined as

18



2.1. HEAVY-ION REACTIONS NEAR THE COULOMB BARRIER

U(r) = UC(r) + Un(r) + Ul(r)

=
ZAZBe

2

r
+

U0

1 + exp[(r −RA −RB)/a]
+
l(l + 1)~2

2µr2

(2.4)

In head-on collisions (l=0), when the two nuclei are not too heavy (AA · AB
< 23400), this potential shows a maximum, called Coulomb barrier, at a relative

distance rB determined by: (
∂U(r)

∂r

)
r=rB

= 0

where rB can be calculated from the masses AA and AB of the nuclei [3]. For trajec-

tories with non-zero impact parameters b 6=0 the corresponding angular momenta are

defined as Lb = b
√

2µABEcm. Increasing the impact parameter b leads to increasing

the angular momentum Lb, given that the bombarding energy Ecm is fixed. For high

values of Lb the centrifugal potential becomes so steep that the maximum nuclear

attraction is not able to produce a barrier like, for example, the case of 40Ca+40Ca

shown in Figure 2.2.

Figure 2.2: Effective radial potential for 40Ca+40Ca for different angular momenta

l. The sum of the nuclear radii indicated by a dashed line. One can

note that for high l-values the barrier essentially vanishes [3].

19



CHAPTER 2. GENERALS ON TRANSFER REACTIONS WITH HEAVY IONS

For heavier systems, like for the 208Pb+118Sn reaction studied in this thesis with

APb ·ASn ∼ 24000, the Coulomb barrier vanishes already for low values of Lb since the

maximum attractive force is not sufficiently strong to compensate for the Coulomb

repulsion. In a macroscopic picture, this implies that the system cannot form a

compound nucleus even for impact parameters close to 0 [3]. Nevertheless, the

interacting nuclei can come into close contact for a short period of time during

which a transfer of many nucleons and a loss of the kinetic energy can take place.

2.1.1 Multinucleon transfer reactions

In this kind of processes, the projectile and target exchange one or more nucleons,

and both pick-up and stripping reactions may occur. The degrees of freedom associ-

ated to the exchanging nucleons are very important in understanding the evolution

from the quasi-elastic to the more complex deep-inelastic regime in the heavy-ion

reactions close to Coulomb barrier.

In the quasi-elastic reactions, a change between initial and final mass partitions

of the system is very little. The interaction time is very short (10−23-10−22 s) during

which the projectile losses only moderate amount of kinetic energy and exchanges

only few nucleons with the target. It is assumed that the incident particle interacts

at the surface of the target keeping their identity. This allows the extraction of the

spectroscopic factors and provides information on correlations [22].

The deep-inelastic reactions are characterized by a massive transfer of nucleons

and a very large dissipation of incident kinetic energy. This energy is mainly con-

verted into intrinsic excitation of the reaction fragments. In these reactions, the

primary products have a binary character as a result of the longer interaction time

than that of quasi-elastic reactions. But the reaction time is not long enough to fuse

into compound nucleus. The exiting fragments exhibit (broader) bell shaped angu-

lar distributions with a peak close to the grazing angle. This means that the process

is very fast while the large energy losses indicate that there are large deformations

of the two ions. Taking into account these two, short collision time and large energy

losses, it is 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 [10].

In the multinucleon transfer reactions (MNT), the amount of dissipated kinetic

energy can be understood qualitatively in a very simple way. Let us imagine a sys-

tem for which N independent single-particle transitions can occur all with the same
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2.1. HEAVY-ION REACTIONS NEAR THE COULOMB BARRIER

probability p. Then the probability, in such a system, to have the transfer of n

particles is simply given by the binomial distribution:

Pn =

(
N

n

)
pn(1− p)N−n (2.5)

For the above distribution the average number of transferred particles is 〈n〉 = pN

so that the corresponding average energy loss is 〈Eloss〉 = 〈n〉Q.

In heavy-ion collisions, an average number of transferred nucleons of the order of

10 and around 5 MeV average energy loss for each transition result in the energy loss

for the transfer process of the order of 50 MeV. This example shows the importance

of the dissipation of energy due to the transfer of many nucleons.

The grazing angle mentioned above is defined as scattering angle when the dis-

tance of closest approach between two nuclei is very close to the sum of their radii

[23]. The yield of the MNT reactions reach the maximum at this angle, usually hav-

ing bell shaped angular distributions. However, one should keep in mind that the

shape can change depending on the bombarding energy. For example, at deep sub-

barrier energies the bell shape can vanish, being the maximum of the distribution

at θcm=180◦.

2.1.2 Recent experimental results on multi-nucleon transfer

reactions

In the last decade, the renewed interest in transfer reactions has been mainly due to

the realization that MNT reactions could be used to populate nuclei moderately rich

in neutrons [24, 25]. This renewed interest benefited from the construction of the

new generation large solid angle spectrometers based on trajectory reconstruction,

providing at the same time large overall efficiency and good identification of reaction

products.

MNT reactions are a very powerful tool for the population of neutron rich nuclei

moderately far from stability. As an example, Figure 2.3 demonstrates the mass

and charge distribution of Ca-like transfer products in the 40Ca+208Pb reaction at

Elab=235 MeV at the grazing angle [4]. The most intense band corresponds to

the beam-like fragments with Z=20 and A=40. One can notice that the transfer

products with approximately 6 neutron pick-up and 6 proton stripping were observed

at this bombarding energy. They are shown with the two dashed lines corresponding

to pure neutron pick-up and pure proton stripping channels, while the full line
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represents the charge equilibration, namely the location of the N/Z ratio of the

compound nucleus. One observes that the final nuclei are on the left side of this

line favouring only the proton stripping and the neutron pick-up processes. These is

the indication of the dominance of a direct mechanism in the population of different

fragments.

Figure 2.3: Left: Mass-charge distribution of Ca-like transfer products in the
40Ca+208Pb reaction at Elab=235 MeV. The dash-dotted lines corre-

spond to the pure proton stripping (∆Z) and to the pure neutron

pick-up (∆N) channels. [4].

From the reaction mechanism point of view, MNT reactions can be useful to

describe the evolution of the heavy-ion reaction from the quasi-elastic to the more

complicated deep inelastic regimes. Figure 2.4 shows the experimental angular dis-

tributions, integrated over the full TKEL, for the indicated transfer channels in the

reaction 40Ar+208Pb at Elab= 6.41 MeV/A (see Section 2.2.3) [5]. The evolution

of the reaction dynamics, moving from forward to backward angles, starts with an

increase of the transfer cross section due to the progressive overlap of the interacting

nuclei and then the cross section decreases because of the absorption effects as a re-

sult of opening of various competing channels. The angular distributions for one and

two nucleon transfers have a bell shape centered at the grazing angle (θgr=54◦) and

depend weakly on the isotope as it is expected in the quasi-elastic regime. One can

see that the distributions broaden and increase at forward angles when the transfer

of more nucleons take place, especially for the proton pick-up channels. This is the

clear indication of the contribution from the deep-inelastic regime.
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FIG. 5. Experimental (points) and GRAZING calculated (curves) angular distributions for the indicated transfer channels. The experimental
distributions have been integrated over the full TKEL. The (0n) channel corresponds to the elastic (+inelastic) channel, plotted as a ratio to the
Rutherford cross section.

covering most of the total transfer strength. As previously
explained, they have also been obtained by matching the
three angular and magnetic settings of the spectrometer.
Corrections for the PRISMA response have been applied to
each experimental differential cross section, following the
procedure outlined in Ref. [29] to which we refer for the
details. This procedure turned out to be essential at the borders
of the spectrometer. The absolute scale of cross sections was
obtained by normalizing the quasielastic 40Ar events to the
Rutherford cross section at forward angles [28,29].

From Fig. 5 one sees that for one- and two-nucleon
transfer the angular distributions are bell shaped, centered
at the GRAZING angle, and weakly isotope dependent, as
expected in the quasielastic regime. When more nucleons are
transferred, and especially for the proton pickup channels,
the distributions broaden and increase at forward angles,
indicating the contribution from deep-inelastic collision (large
energy losses), i.e., from collisions deriving from smaller
impact parameters. These components at large energy loss may
be affected by the energy acceptance of the spectrometer, and
thus are not fully corrected for the PRISMA response. Figure 5
also displays the transfer channels involving the “stripping”
of neutrons (bottom row). Here one notices that the angular
distributions are all centered at the same angle as the pure
proton channels. Such behavior indicates the dominance of
neutron evaporation in their population mechanism. In general
it is difficult to disentangle the quasielastic and deep-inelastic
components, since they may strongly overlap. At least in some
cases these components could be separated, as for instance
for the (−1p + 1n), (+1p + 1n), and (+1p + 2n) channels,

visible in the Wilczynski plot of Fig. 4 and in the projected
spectra (Fig. 3). In order to better understand the behavior
of the angular distributions, from these kind of channels we
extracted the quasielastic components by taking into account
the ground-to-ground state Q values and by integrating the
energy excitation regions up to ∼20 MeV. The reliability of
the method has been tested by employing different separation
procedures to integrate the two distributions. This procedure
has been followed for each scattering angle.

This is illustrated in Fig. 6 where we plot the distributions
for two representative channels, the (+1n) and (+1p + 2n)
ones. The distributions have been obtained by integrating
over the whole TKEL (black empty points) and only over
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FIG. 6. Experimental angular distributions of the (+1n) and
(+1p + 2n) channels integrated over the full TKEL range (black
empty points) and integrated over the quasielastic part with the TKEL
!20 MeV (red full points). The results of the GRAZING calculations
are also plotted (curves).

064616-4

Figure 2.4: Experimental (points) and GRAZING calculated (curves) Q-value in-

tegrated angular distributions for the indicated transfer channels in

the reaction 40Ar+208Pb at Elab= 6.41 MeV/A. The (0n) channel cor-

responds to the elastic (+inelastic) channel, plotted as a ratio to the

Rutherford cross section [5].

Transfer reactions play an essential role in the study of the structure of nuclei.

With light-ion reactions, they gave considerable inputs to the construction of shell

model and to establish the properties of nucleon-nucleon correlations. How pair

correlations can be probed in heavy ion collisions, is still an open question. Sev-

eral experiments have been performed in the recent years aiming at the probing the

ability of two nucleons in heavy ion transfer reactions to form pairs of zero angular

momentum. Figure 2.5 shows the experimental transfer probabilities Ptr as a func-

tion of distance of closest approach D for one and two neutron transfer channels

in MNT reactions 96Zr+40Ca (left) and 60Ni+116Sn (middle) at near barrier ener-

gies performed in inverse kinematics (measured by PRISMA) [6, 7]. The transfer

probabilities Ptr are extracted from the experimental cross sections by the following

formula

Ptr =
dσtr
dσRuth

(2.6)
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FIG. 1: Left: Experimental (points) and theoretical (lines) transfer probabilities as a function of the distance
of closest approach D for one and two neutron transfer in the 96Zr+40Ca system. The full line represents
the inclusive probability for one neutron transfer, the dotted line the ground-ground state transition for
the two-neutron transfer and the dash line the transition to the first 0+ excited state at 5.76 MeV in 42Ca
(from Ref.[13]). Right: Ratio between the quasi-elastic and the Rutherford cross section for the reaction
116Sn+60Ni (top). Bottom: Experimental (points) and microscopically calculated (lines) transfer probabili-
ties for the one- (61Ni) and two-neutron (62Ni) pick-up channels (from Ref. [14]).

observed in the Q-value spectra. The undeprediction of the +2n data, present even after including
the high lying 0+ state at ⇠ 6 MeV, is probably caused by states with large angular momentum
populated in the reaction so that more complicated two-particle correlations have to be taken into
account. At variance with the 96Zr+40Ca system (closed shell), in the 116Sn+60Ni system (super-
fluid nuclei) [14] the ground to ground state Q-values for for one- and two-neutron pick-up transfer
is very close to optimum (Qopt ⇠ 0), representing a beautiful Q-value matched case. One sees that
the employed microscopic theory very well reproduces the experimental data in all energy range,
in particular the transfer probability for two neutrons is very well reproduced, in magnitude and
slope, by considering solely the ground-ground state transition.

In the 116Sn+60Ni system, for the first time in a heavy ion collision, we have been able to provide
a consistent description of one and two neutron transfer reactions by incorporating, in the reaction
mechanism, all known structure information of entrance and exit channels nuclei, without need to
introduce any enhancement factor for the description of two neutron transfer. The achievement has
been possible only because the chosen system is very well Q-value matched so that the reaction
is dominated by the ground-ground state transition. An interesting and almost unexplored issue
is whether and to what extent the effect of nucleon-nucleon correlations in the evolution of the
reaction is modified in the presence of high Coulomb fields. In fact, in the collision amongst very
heavy ions, population of final states with high excitation and angular momenta and/or multistep
processes may significantly change the transfer strength of the ground to ground state transitions.

To make a proper comparison with already studied systems, the best choice is naturally for
cases where the ground-ground state Q-value for neutron transfers is as close as possible to the
optimum (Qopt ⇠ 0). The nuclei of interest must be at the same time computable with some
precision and detectable with sufficient A, Z and Q-value resolution. The 206Pb+118Sn fulfills all
these characteristics. It is the heaviest (asymmetric) semi-magic combination with closed proton

FIG. 1: Left: Experimental (points) and theoretical (lines) transfer probabilities as a function of the distance
of closest approach D for one and two neutron transfer in the 96Zr+40Ca system. The full line represents
the inclusive probability for one neutron transfer, the dotted line the ground-ground state transition for
the two-neutron transfer and the dash line the transition to the first 0+ excited state at 5.76 MeV in 42Ca
(from Ref.[13]). Right: Ratio between the quasi-elastic and the Rutherford cross section for the reaction
116Sn+60Ni (top). Bottom: Experimental (points) and microscopically calculated (lines) transfer probabili-
ties for the one- (61Ni) and two-neutron (62Ni) pick-up channels (from Ref. [14]).

observed in the Q-value spectra. The undeprediction of the +2n data, present even after including
the high lying 0+ state at ⇠ 6 MeV, is probably caused by states with large angular momentum
populated in the reaction so that more complicated two-particle correlations have to be taken into
account. At variance with the 96Zr+40Ca system (closed shell), in the 116Sn+60Ni system (super-
fluid nuclei) [14] the ground to ground state Q-values for for one- and two-neutron pick-up transfer
is very close to optimum (Qopt ⇠ 0), representing a beautiful Q-value matched case. One sees that
the employed microscopic theory very well reproduces the experimental data in all energy range,
in particular the transfer probability for two neutrons is very well reproduced, in magnitude and
slope, by considering solely the ground-ground state transition.

In the 116Sn+60Ni system, for the first time in a heavy ion collision, we have been able to provide
a consistent description of one and two neutron transfer reactions by incorporating, in the reaction
mechanism, all known structure information of entrance and exit channels nuclei, without need to
introduce any enhancement factor for the description of two neutron transfer. The achievement has
been possible only because the chosen system is very well Q-value matched so that the reaction
is dominated by the ground-ground state transition. An interesting and almost unexplored issue
is whether and to what extent the effect of nucleon-nucleon correlations in the evolution of the
reaction is modified in the presence of high Coulomb fields. In fact, in the collision amongst very
heavy ions, population of final states with high excitation and angular momenta and/or multistep
processes may significantly change the transfer strength of the ground to ground state transitions.

To make a proper comparison with already studied systems, the best choice is naturally for
cases where the ground-ground state Q-value for neutron transfers is as close as possible to the
optimum (Qopt ⇠ 0). The nuclei of interest must be at the same time computable with some
precision and detectable with sufficient A, Z and Q-value resolution. The 206Pb+118Sn fulfills all
these characteristics. It is the heaviest (asymmetric) semi-magic combination with closed proton
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FIG. 2: Left: kinematics of the 206Pb+118Sn reaction at Elab=1200 MeV. blab is the v/c of the ions. The
shaded (yellow) region corresponds to the PRISMA acceptance at the setted angle qlab=35�. Right : Exam-
ples of mass distributions obtained in the indicated reactions.

FIG. 3: Left: GRAZING code calculations for the differential cross sections for the +1n channel (as function
of the distance of closest approach (top) and corresponding laboratory angle qlab (bottom)) at Elab=1200
MeV. Right : transfer probability.

Figure 2.5: Left: Experimental (points) and microscopically calculated (lines)

transfer probabilities as a function of the distance of closest approach

D for one and two neutron transfer channels in the 96Zr+40Ca (left)

system. The full line represents the inclusive probability for one neu-

tron transfer, the dotted line is the ground-ground state transition

for the two-neutron transfer and the dash line is the transition to the

first 0+ excited state at 5.76 MeV in 42Ca [6]. Middle: Experimental

(points) and microscopically calculated (lines) transfer probabilities for

the one and two-neutron pick-up channels in the 60Ni+116Sn reaction

[7]. Right: Calculated transfer probabilities for one neutron transfer

channel in the 206Pb+118Sn reaction of the present thesis [8, 9]

and plotted as a function of the distance of closest approach D for a Coulomb tra-

jectory

D =
Za ZA e

2

2Ecm

(
1 +

1

sin(θcm/2)

)
(2.7)

In the 96Zr+40Ca system, experimental transfer probabilities Ptr for the ground

to ground state transitions deviate by ∼2 orders of magnitude from data. By in-

corporating high energy 0+ states one reduces the deviation from data to a factor

∼3. Residual deviation is probably caused by states with large angular momentum

populated in the reaction so that more complicated two-particle correlations have

to be taken into account.

In the 60Ni+116Sn system, the experimental transfer probabilities Ptr are well

reproduced, for the first time with heavy ion reactions, in absolute values and in slope
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by microscopic calculations which incorporate nucleon-nucleon pairing correlations.

Being the subject of this thesis Figure 2.5 (right) shows the calculated transfer

probabilities for one neutron transfer channel in the 206Pb+118Sn reaction. Extract-

ing the experimental transfer probabilities Ptr for this reaction would shed light

to the effect of nucleon-nucleon correlations in the evolution of the reaction in the

presence of high Coulomb fields and would check the ability of the calculations to

reproduce data.

2.2 Theoretical approach to transfer reactions

Several theoretical studies have been performed in order to understand the reaction

dynamics of the transfer processes induced by heavy-ions at the energies near the

Coulomb barrier. Among these are the perturbation theory, the quantal coupled-

channel and the semi-classical approaches. Using the first one can describe one-

nucleon transfer in first order approximation and two-nucleon transfer in second

order approximation [21]. The last two will be briefly described, focusing in partic-

ular on the semi-classical model GRAZING, in this section. It will also present the

dependence of the cross sections on the Q-value mentioned in the previous chapter.

2.2.1 The quantal coupled-channel approach

The quantal coupled-channels approach is at the base for any description of direct

reaction processes [10]. In this approach the various reaction channels such as in-

elastic, transfer etc. are treated as not independent of each other. So in order to

obtain information on a particular channel one has to consider the contribution of

the other channels. The relative importance of the different channels is represented

by a form factor which is the matrix elements between initial and final states of

the reaction process. These matrix elements can be obtained by solving the time-

dependent Schrödinger equation

i~
∂

∂t
Ψ(t) = HΨ(t) (2.8)

The total wavefunction |Ψ〉 of the system is expanded in terms of exit channel wave-

functions |ψβ〉 = |ψbψB〉 and is expressed as
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Ψ(t) =
∑
β

cβ(t) ψβ(t) e−iEβt/~ (2.9)

where the time-dependent coefficient cβ(t) defines the amplitude to be in channel β.

The Hamiltonian is given as

H = Hb +HB + TbB + VbB

where the single Hamiltonians Hb and HB stand for the intrinsic states of the two

ions, the kinetic term TbB = −~2∇2
bB/2mbB accounts for the relative motion, and

the effective interaction VbB refers to the coupling interaction between the colliding

nuclei.

Inserting Equation 2.9 in Equation 2.8, one finally obtains the following system

of coupled equations:

i~ċβ(t) =
∑
γ

〈ωβ|Vγ − Uγ |ψγ〉 ei(Eβ−Eγ)t/~ cγ(t) (2.10)

where the vectors |ωξ〉 constitute a dual base introduced to overcome the problem

of the non-orthogonality of the vectors |ψγ〉. Formally:

ωξ =
∑
γ

g−1ξγ ψγ ,

where g−1 is reciprocal of the overlap matrix gξγ = 〈ψξ | ψγ〉.
The conditions under which Equation 2.10 has to be solved is that at t = -∞ it

is in its entrance channel α, i.e. cβ(−∞) = δαβ.

The most important components in Equation 2.10 are the matrix elements

〈ωβ|Vγ − Uγ |ψγ〉. These are the matrix elements mentioned above. They can be

categorized into two: one for the inelastic excitation and the other for the exchange

of nucleons between two partners.

For the inelastic excitation the radial part of the form factor can be written as

the r-derivative of the potential

f inelβγ (r) = βλ
∂U(r)

∂r
. (2.11)

26



2.2. THEORETICAL APPROACH TO TRANSFER REACTIONS

where βλ is the deformation parameter that gives information on the collectivity of

the state and U(r) is the average potential of entrance and of exit channels.

For the transfer process, in addition to the distance r between the two nuclei the

form factor fβγ(~κ, r) depends also on the momentum transfer ~κ. With the use of

simple parametrization from Ref. [26] and at large distances the form factor can be

written as

f tranβγ (0, r) ∝ e
−κa′1

r

κa′1r
, (2.12)

where coefficient κa′1 contains the binding energy of the single particle state a′1

entering in the transition. This coefficient governs the asymptotic behaviour of the

transfer form factor, which at large distances prevails over the nuclear component

of the inelastic form factor.

2.2.2 Q-value dependence of the transfer probabilities

There is no need to solve explicitly the full system of coupled equations to estimate

the magnitude of a given transfer process. Instead, it suffices to go through a first-

order approximation. In this approximation, the probability of the transition from

the entrance channel α to the channel β can be written in the form

Pβα = |aIβ(t)|2

where the amplitude is given by

aIβ(t) = − i
~

∫ t

−∞
〈ψβ|Vα − Uα |ψα〉 ei(Eβ−Eα)t

′/~ dt′

By approximating the true trajectory of the transferred particle with a parabolic

parametrization around the turning point, the transition probability may be ex-

pressed as

Pβα =

√
1

16π~2|r̈0|κa′1
|fβα(0, r0)|2 g(Qβα) , (2.13)

where r̈0 is the radial acceleration at the distance of closest approach r0 for the
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grazing partial waves. Thus, one can see that the probability for a given transfer

is proportional to the square of the form factor times the adiabatic cut-off function

that depends on the optimum Q-value of the reaction. The adiabatic cut-off func-

tion is given as

g(Q) = exp

[
−(Q−Qopt)

2

~2 r̈0 κa′1

]
(2.14)

where the reaction Q-value Q is defined as the difference between the final and the

initial kinetic energy T of the recoils

Q = ∆T = Eb + EB − Ea (2.15)

or more conveniently with the condition of momentum conservation [27]

Q =
mb +mB

2mbmB

p2b −
mB −ma

mB

Ea −
√

2maEa
mB

pb cos θ (2.16)

where ma, mb and mB are the masses of the projectile, of the ejectile and of the recoil,

respectively, pb is the momentum of the ejectile, Ea is the energy of the projectile,

θ is the scattering angle.

The optimum Q-value Qopt in Equation 2.14 is

Qopt =

(
Zd
ZA
− Zd
Zb

)
EC+

(
md

mb

− md

mA

)
(E−EC)+

md r̈0
ma +mA

(RAmb−RamB) (2.17)

where EC is the Coulomb barrier and md and Zd are the mass and charge of the

transferred particle. From the first term in Equation 2.17 one can deduce that the

optimum Q-value for neutron transfer is Qopt ∼ 0 and for proton transfer is Qopt 6=
0.

The adiabatic cut-off function g(Q) defines the actual value of the transition

probability whose maximum is at the optimum Q-value. For example, Figure 2.6

shows the the adiabatic cut-off function g(Q) for all one- and two-particle transfer

channels for the reaction 58Ni+208Pb at 330 MeV. The location of all possible tran-

sitions is represented by the red lines. One can notice that there are cases when

these red lines overlap with the Gaussian distributions meaning that the transfer

channel is allowed. In our case, the allowed transfer channels are neutron pick-up

28



2.2. THEORETICAL APPROACH TO TRANSFER REACTIONS

Figure 2.6: Adiabatic cut-off functions for one- and two-neutron and proton trans-

fer channels for the reaction 58Ni+208Pb at 330 MeV. The Q-value is

in MeV. The horizontal red lines represent the location of all possible

transitions [10].

and proton-stripping. All the other channels are hindered by optimum Q-value con-

sideration. The experimental proof of this behaviour can be found in Ref. [28].

It is also worth to note that for some channels, in particular two-proton stripping

and two-neutron pick-up, the reaction mechanism favors transitions leading to high

excitation energies.

It is required, for the optimum Q-value Qopt, that the trajectories of the colliding

nuclei match smoothly before and after the transfer process where the contribution

of the form factor peaks.

2.2.3 The semi-classical GRAZING model

In the theoretical discussion of reactions between heavy ions it was shown that

transfer processes can be treated within the semi-classical approach benifiting from

the fact that the wavelength associated with the relative motion of the center of
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mass of the colliding nuclei is much smaller than the interaction region [29]. This

means that the trajectory of the ion can be approximated to be classical. Using this

approximation the various semi-classical models have been successfully reproducing

the experimental data. One of these kind of models is the GRAZING model, which

was developed due to the necessity to have a description of MNT both in the quasi-

elastic and the deep-inelastic regime [8, 10].

In the semi-classical model GRAZING, the interacting 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

can exchange nucleons. The Coulomb potential is represented by a two point charge

expression, while the nuclear potential uses a Wood-Saxon parametrization. For

excitation of the surface modes the macroscopic approximation whose form factors

expressed in Equation 2.11 and whose strengths given by the experimental B(Eλ)

is employed. For the exchange of nucleons instead the microscopic form factors

taking into account the single-particle properties of the two colliding ions are used

(see Equation 2.12). The different single-particle states participating to the transfer

process are described by introducing average single particle level densities.

The GRAZING model have been successfully compared to a number of experi-

mental data. As an example, the Figure 2.7 shows the comparison of the calculations

performed by GRAZING model with the experimental total cross sections integrated

by angle and Q-value for the various measurements of MNT at near barrier energies.

One can notice that the model particularly well describes the data in the region of

one-nucleon transfer channels, (±1p) and (±1n). Deviations between experimen-

tal data and calculations are more pronounced as more nucleons are transferred.

The most probable explanation for this is that the GRAZING uses average level

densities and calculates only direct component of the MNT reactions close to the

grazing where the most of the cross sections from the quasi-elastic scattering are

concentrated. The contributions leading to the deep-inelastic scattering are not

fully considered.

The formalism used to construct the GRAZING model will be briefly described

in Chapter 5.

30



2.2. THEORETICAL APPROACH TO TRANSFER REACTIONS

MULTINUCLEON TRANSFER REACTIONS IN THE . . . PHYSICAL REVIEW C 94, 064616 (2016)

10-2
10-1
100
101
102
103 (-4p)

40Ar+208 Pb

(-3p) (-2p) (-1p) (0p)

-10 0 10

(+1p)

-10 0 10

(+2p)

-10 0 10

(+3p)

-10 0 10

(+4p)

10-2
10-1
100
101
102
103

σ 
[m

b]

(-6p) (-5p) (-4p) (-3p) (-2p) (-1p) (0p)

40Ca+208 Pb

10-2
10-1
100
101
102
103

-10 0 10

(-7p)

-10 0 10

(-6p)

-10 0 10

(-5p)

-10 0 10

(-4p)

-10 0 10

(-3p)

-10 0 10

(-2p)

-10 0 10

∆N

(-1p)

-10 0 10

(0p)

58 Ni+208 Pb

FIG. 7. Total experimental cross section for 40Ar, 40Ca, and 58Ni induced reactions on the 208Pb target, at beam energies Elab = 6.4, 6.2,
and 6 MeV/A, respectively (points), and the GRAZING calculations with (solid line) and without (dashed line) neutron evaporation.

the quasielastic part (red full points). In the case of the pure
one-neutron transfer channel the two distributions are very
similar, being most of the strength of quasielastic character. At
variance with the (+1n) channel, a typical rather broad and
forward-rising distribution is observed for the (+1p + 2n)
channel when integrating over the full TKEL range. On the
other hand, its quasielastic distribution (red full points) turns
out to be more similar in shape to the one for the (+1n) channel.
This quasielastic energy range is also where, in general,
the three different PRISMA settings match more smoothly,
because the range is less influenced by the spectrometer’s
acceptance.

III. COMPARISON WITH GRAZING PREDICTIONS

Figure 7 (top) shows the experimental total cross sections
for the indicated channels obtained by integrating the angular
distributions via Gaussian fits, over the full TKEL range.
In the same figure we also report, for comparison, the total
cross sections for other previously measured multinucleon
transfer channels having 208Pb as target. The reaction with
208Pb is in fact a suitable case that is weakly affected by the
presence of other mechanisms (i.e., fission) and, 208Pb being
a doubly magic nucleus, calculations can be performed in a
more reliable way. We include two cases, one with the closed
shell 40Ca [7] and one with the open shell 58Ni projectile
[6]. These multinucleon transfer reactions were measured
with the time-of-flight spectrometer PISOLO [16,30] at LNL.
The 40Ca +208Pb data are from the highest measured energy
reported in Ref. [7]. In the case of the 58Ni +208Pb [6]
system the data are published for Elab = 328.4 MeV, but we
took the opportunity to reanalyze the data measured at the
highest (unpublished) energy Elab = 346 MeV, which is more
pertinent for an overall comparison of all three systems at
similar energies above the Coulomb barrier. We point out that
in those measurements we observed traces of proton pickup

channels (see, e.g., the corresponding Z-A two-dimensional
plots of Refs. [6,7]). We were able to estimate that the mass
integrated yields for the (+1p) channels are of the same
order as for (−6p). These comparisons between different
systems, and between the data and calculations, are significant
for understanding the importance of the different degrees of
freedom that influence the evolution of the reaction.

The data have been compared with calculations performed
with the GRAZING [21– 23] model. This model calculates the
evolution of the reaction by taking into account, besides the
relative motion variables, the intrinsic degrees of freedom of
projectile and target. These are the surface degrees of freedom
and the one-nucleon transfer channels. The relative motion
of the system is calculated in a nuclear plus Coulomb field.
The exchange of many nucleons proceeds via a multistep
mechanism of single nucleons (both protons and neutrons,
via stripping and pickup processes). This model has been so
far successfully applied in the description of multinucleon
transfer reactions [6– 8] as well as of fusion reactions and
barrier distributions [31].

In the 40Ar +208Pb system GRAZING particularly well
describes the one-nucleon transfer channels, (±1n) and (±1p),
as also visible in the differential cross sections of Fig. 5.
In fact, the TKEL distributions of these channels are mainly
concentrated in a narrow peak in the low-energy region. Other
pure neutron transfer channels also show well-reproduced
differential and total cross sections. This is particularly true for
neutron pickup channels. For the neutron stripping channels
one notices a shift of angular distribution centroids and
some overestimation of the total cross sections. As discussed
previously, when neutron stripping is involved, we have to keep
in mind that the evaporation of neutrons plays a very important
role. Deviations between experimental data and calculations
are more marked for channels involving the transfer of many
protons. This fact has been discussed in previous publications
[6,7] where experimental cross sections were compared with

064616-5

Figure 2.7: Total experimental cross section (angle and Q-value integrated) for

the reactions of 40Ar, 40Ca, and 58Ni induced on the 208Pb target, at

beam energies Elab=6.4, 6.2 and 6 MeV/A, respectively (points) and

the GRAZING calculations with (solid line) and without (dashed line)

neutron evaporation [5].
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Chapter 3

Experimental Setup

This chapter describes the experimental setup of the measurement of multinucleon

transfer reactions of the 206Pb+118Sn system. First, the general view of the acceler-

ator complex used in this experiment will be presented. Then it will continue with

a discussion of the large solid angle magnetic spectrometers. Finally, a description

of the PRISMA spectrometer including the various detectors will be reported.

3.1 Accelerators

All of the experimental work described in this thesis was conducted at the National

Laboratories of Legnaro (LNL) [30]. The LNL are one of the four national labo-

ratories of the Italian Institute of Nuclear Physics (INFN), where several available

accelerators provide beams for nuclear and applied physics experiments. In this

experiment, a 206Pb beam was provided by the PIAVE-ALPI accelerator complex.

The production of the 206Pb at 1200 MeV was a very significant achievement since

it is the heaviest beam ever accelerated at LNL.

PIAVE (Positive Ion Accelerator for Very-low Energy) is a positive ion injector

for the linac ALPI [31, 32]. It operates at a frequency of 80 MHz with two Supercon-

ducting Radio Frequency Quadrupoles (SRFQ) followed by eight superconducting

Quarter Wave Resonators (QWR). It has an equivalent voltage of about 8 MV which

allows the acceleration of ions up to 238U+28 from β = 0.0089 to β = 0.045 for an

efficient injection into ALPI [11]. Figure 3.1 shows the layout of the PIAVE injector

connected to the ECR ion source. The ECR (Electron Cyclotron Resonance) is a

high voltage platform which generates the beams for the PIAVE.

ALPI (Acceleratore Lineare Per Ioni) is a linear accelerator. [12, 33]. It allows

to boost the beams at energies ranging from 6 up to 20 MeV/A which is sufficient to
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overcome Coulomb barrier of every beam-target system like, for example, the U-U

[34]. Its operation is based on superconducting Quarter-Wave Resonators (QWR)

in three different sections with different optimum velocities: a first low-β section

with β = 0.055 (24 cavities) is followed by a medium-β section with β = 0.11 (44

cavities) which is followed by a high-β section with β = 0.14 (24 cavities) [35]. The

cavities are cooled down by liquid helium to maintain them in a superconducting

state. Figure 3.2 shows a sketch of the ALPI linac accelerator.

The accelerated beam is delivered to the experimental hall by means of the

switching magnet which bends it on the beam line towards the dedicated experi-

mental apparatus.

3.2 Large solid angle magnetic spectrometers

The magnetic spectrometers have been used for the spectroscopy of charged particles

from the early days of nuclear physics. They have proven to be very powerful tools

for the complete identification of the reaction products with the necessary ultimate

resolution.

The role of the magnetic spectrometers in the transfer reaction studies is very

important. The necessity to distinguish excited states populated in light ion transfer

reactions lead to the development of magnetic spectrographs in the past. A combina-

tion of magnetic elements of different complexity, which focuses momenta at definite

positions on the focal plane, allowed to achieve this goal. For example, the Q3D

type spectrographs, consisting of one quadrupole focusing the ions to focal plane

and three dipoles separating the ions with different p/q ratios, were employed for

the one and two nucleon transfer studies. They are still used for the spectroscopic

studies with an improved energy resolution up to 10 keV and the solid angles of

few msr. The composed instruments require corrections for ion optical aberrations

[10, 19].

In the reactions with heavier systems the transfer products have large energy

dynamic range which requires larger acceptance of the magnetic spectrometer to

have a sufficient detection efficiency by keeping a good resolution. The enlarge-

ment of the acceptance implies the use of complex magnetic elements. However,

the required corrections for ion optical aberrations would make the detection sys-

tem unfeasible. Therefore, the concept of trajectory reconstruction was applied

instead by simplifying the magnetic element configuration. Combination of a simple

magnetic configuration and tracking algorithms allows to reconstruct the trajectory
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Figure: 2 The Layout of PIAVE 
of the ECR output one, following the beam direction. All 
the magnetic elements of the line were ordered. 

The beam analysis is performed by a magnetic 
spectrometer on the high voltage platform. Therefore the 
magnetic elements of the line are meant only for the 
transverse matching of the beam into the SRFQ’s and to 
create the required beam waist at the buncher location. 

The beam dynamics studies [3] determined the need 
for a very efficient bunching system with a low transverse 
emittance increase. The result of that is a quite innovative 
design of a triple harmonic buncher [4] realized with two 
independent cavities as it is shown in figure 3. The two 
cavities operate at 40-120 MHz and 80 MHz respectively. 

The buncher, combining the absence of grids and the 
use of three harmonics, has a bunching efficiency of 
~68% and it requires a rf power of less than 100 W which 
allows the use of a room temperature system without 
severe cooling problems. The cavities are powered by 
three independent solid state amplifiers controlled by 
standard ALPI rf controllers. The operation of the first 
cavity at 40 and 120 MHz is possible due to the different 
field distribution of the two modes with a careful 
displacement of the tuners, the couplers and the pick-ups. 

In the beam velocity range 0 . 0 0 9 ~ ~ ~ 0 . 0 3 5  the 
acceleration is performed by two SRFQ resonators 
operating at 80 MHz and made of niobium sheets 
electron-beam welded [5]. The accelerating structure of 
-2.5 meters long is split into two different resonators 
housed in the same cryostat. This choice is dictated by the 
limitation in the maximum storable energy inside a cavity 
compatible with the rfphase locking [6] .  

The novelty of the project, with respect of similar 
facility already operating in other laboratories, is the 
presence of the superconducting RFQ [7]. The beam 
dynamics specifications, the bunching of the beam, which 
is made before the RFQ with a triple frequency buncher 
described above, and the particular care put in the design 
of the cavity both for rf and vibration control reasons are 
the main peculiarities of the SRFQ design. The complete 
design of the SRFQ resonators is almost finished and the 
first stainless steel prototype is in its final construction 
stage [8]. 

The accelerating structure is changed, passing from 
the SRFQ to the QWR, following the indications of the 
beam dynamics studies at an energy of 578 keV/u, that 

means p=0.035 for the nominal uranium beam mentioned 
above. This beam velocity is too low for the injection 
into ALPI low p resonators. Therefore a section 
containing eight QWR’s with an optimum p of 0.047 is 
foreseen for PIAVE. These cavities are similar to the 
ALPI ones and the first example is now under 
construction following the production procedures fixed for 
the ALPI resonators 191. 

The matching line between PIAVE and ALPI 
contains two quadrupole triplets, an achromatic go”, made 
of two bending magnets with a quadrupole singlet using 
the standard ALPI ‘L-Bends’, as well as two room 
temperature bunchers [3 3. 

3 DIAGNOSTICS 
To operate the machine eight diagnostic boxes are 

foreseen in the two beam transport lines. The boxes are 
equipped with the Beam Profile Monitors and longitudinal 
phase space diagnostics. Current monitors for the 
transmission control are located in several boxes.The 
main issue for this BPM’s is the beam intensities 
expected from the ECR. We would like to use as much as 
possible our experience with ALPI where the BPM’s are 
harps made of wires 20 pm thick [lo]. These BPM’s 
have severe problems with the beam intensities and beam 
power foreseen for PIAVE, as it has been already 
experienced with the tandem beams before the charge 
analysis. The possible solution is to use strips instead of 
wires for the harps. Alternative solutions, such as residual 
gas detectors and rotating wires, will be considered. 

... 

Figure: 3 Schematic of the PIAVE triple harmonic buncher 
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Figure 3.1: The layout of the PIAVE injector [11].
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other (160 MHz room temperature re-entrant cavity), 
previously placed in front of the switching magnet, has 
been shifted 0.5 m downstream of the second 7 ° bend- 
ing dipole. In this return line reconfiguration, which is 
based upon an improved handling of the longitudinal 
phase space ellipse (the beam in the S-bend is trans- 
ported almost completely debunched), we avoid both 
the special 17 m long helium distribution line feeding 
the buncher cryostat being placed 2 m higher than all 
the others and the necessity to keep the cryostat itself 
tilted at 7 ° with respect to the usual vertical position. 
In a test run with a Ni beam aiming at checking the 
alignment accuracy of the injection line, we did not 
face any serious problem apart from the steering effect 
introduced by the tandem analyzing magnet residual 
field. Once this effect is properly compensated, the 
beam is correctly transported throughout the injection 
line provided that the beam cross-section is round at 

the ID1 object slits and the two beam profile monitors 
placed symmetrically apart with respect to the midway 
cross-over show the same beam profile. 

2. Status of the project 

Initially, the ALPI project was scheduled in two 
temporally distinct phases according to the user needs 
of having in a short time a machine with beam energy 
performance similar to that of a 35 MV tandem for ion 
species as heavy as 100 amu. All the auxiliary equip- 
ment was dimensioned accordingly in order to keep the 
medium-/3 section of the linac (48 QWRs with/3 = 0.11) 
running during the first phase. However, with the aim 
of reducing costs and simplifying machine assembly, 
the plan was significantly changed during its execution 

III. BOOSTERS, RF CAVITIES 

Figure 3.2: The layout of the ALPI linac (on the top) and the TANDEM (on the

bottom) accelerator [12].
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of the ions. In this way, the new generation of magnetic spectrometers such as

PRISMA [36] , VAMOS [37, 38] and MAGNEX [39] with solid angle up to 100 msr

are obtained. They are successfully used for a complete identification of the transfer

products providing their nuclear charge, mass, Q-value and their associated cross

sections.

3.3 The PRISMA spectrometer

PRISMA is a large acceptance magnetic spectrometer designed for the identification

of the reaction fragments of heavy-ion collisions in the energy range of 5–10 MeV/A.

A picture of PRISMA is shown in Figure 3.3. The spectrometer is mounted on a

platform that can be rotated around the target point in the angular range of -20◦

≤θ ≤ +130◦ with respect to the beam direction which makes two-body reactions

(such as multi-nucleon transfer) possible to study. It has following components:

• two optical elements:

– a quadrupole magnet

– a dipole magnet

• a detection system providing information on the position, the time of flight

(TOF) and energy:

– a Micro-Channel Plate (MCP) entrance detector

– a Multi-Wire Parallel Plate Avalanche Counter focal plane detector (MW-

PPAC)

– an Ionization Chamber (IC).

The sketch of the optical design is shown in Figure 3.4. The MCP start detector

and the MWPPAC focal plane detector measure the position of the incoming ions

(in x and y) and provide the time of flight. The intrinsic time resolution of the

start and stop detectors are about 300-400 ps. This together with the long time of

flight distance (∼6m) makes an overall good time of flight resolution. The ioniza-

tion chamber is a ∆E-E telescope detector used to identify the atomic number of

the reaction products. The software algorithms based on an event-by-event recon-

struction of the ion trajectory allows to obtain the mass of the ion by combining

the information coming from the different detectors of the spectrometer. The main

features of PRISMA are summarized in Table 3.1.
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Table 3.1: The characteristics of the PRISMA spectrometer [19].

Solid angle Ω 80 msr

Mass resolution 1/300 (Via TOF)

Nuclear charge resolution 1/60

Energy resolution 1/1000 (via TOF)

Momentum acceptance ± 10%

Maximum Bρ 1.2 Tm

Angular acceptance ∆θ= 12◦ and ∆φ=22◦

Count rate capability 100 kHz

Figure 3.3: The PRISMA spectrometer [13].
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2.2 Experimental setup

50-90cm
30cm

Target

100cm
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Quadrupole

Dipole
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along the trajectory
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Figure 2.3: Schematic top-down view of the PRISMA spectrometer. The beam-pipe is not
drawn. The distances between the elements are labelled in blue and the diameter
of the beam tube in green. The sketch is based on Reference [64].
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Figure 3.4: Schematic layout of the PRISMA spectrometer. Labels represent the

distance between components (blue) and the diameter of the beam

tube (green) [14].
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3.3.1 Microchannel Plate Detector

The ions entering the PRISMA spectrometer are detected by the Micro-Channel

Plate detector (MCP) [15]. It defines the whole solid angle of PRISMA with a

detecting surface of 80×100 mm2 at a distance of 25 cm from the target (thanks to

the high counting rate capability of MCP allowing to mount the detector in such

a close distance to the target position). The detector is placed at an angle of 135◦

with respect to the optical axis of the spectrometer. Figure 3.5 shows a schematic

layout and a picture of the MCP detector (as it viewed from the target).

The entrance detector provides the position information of the reaction fragments

in X and Y directions with a spatial resolution of 1 mm which corresponds to

an angular resolution of less than 0.5◦, and a timing signal for the time of flight

measurements between entrance and focal plane detectors of PRISMA with a time

resolution of around 350 ps and efficiency close to 100% for heavy ions at a few

MeV/nucleon.

The incoming ions pass a thin self-supporting carbon foil of 20 µg/cm2. The

backward emitted electrons, induced by the ions, are accelerated by an electric field

and a parallel magnetic field to preserve the position information on their way to the

MCP. Two rectangular Micro-Channel Plates mounted in the Chevron configuration

amplify the signal by multiplying the electrons. The produced charge is collected

by the position-sensitive anode made of two ortogonal delay lines (horizontal and

vertical). The position information is obtained from the difference in arrival time of

the signals. This fast timing signal is also used for the time of flight measurements

Figure 3.5: A schematic view (left) and a picture (right) of the MCP entrance

detector [15].
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of the MCP and the MWPPAC.

3.3.2 Ion Optical Elements

After the MCP, the beam-like fragments go into the optical system which has two

magnetic lenses: a quadrupole and a dipole. The former focuses the incoming ions

on the vertical axis and disperse on the other while the latter bends the trajectory

of the ions travelling to the focal plane detectors. In this way, the trajectory of the

ions within the spectrometer are determined by taking into account the entrance

and the exit position.

Quadrupole The quadrupole singlet is located at a distance of 50 cm away

from the target position. It has a length of 50 cm and a aperture diameter of 30 cm.

This magnet focuses in the vertical (Y) direction and defocuses in the horizontal

(X) direction.

Dipole The dipole singlet follows the quadrupole singlet at a distance of 60 cm.

It has a bending angle of 60◦ with a curvature radius of 1.2 m. It is manufactured

to have a homogeneous field in the 1 m wide beam pipe with a maximum magnetic

field of 1 T which corresponds to a maximum rigidity of Bρ = 1.2 Tm. This magnet

bends the ions to the different positions in the focal plane detectors according to

their magnetic rigidity.

To simplify analysis procedure the ion trajectories are supposed to be straight

lines in the region from the quadrupole to the dipole and after exiting the dipole

since they are not affected by any magnetic field.

The fringing fields are small enough compared to the inner field of magnets since

the dipole’s longitudinal dimension is large compared with the transversal one. This

guarantees the planarity of the trajectory.

Figure 3.6: A schematic layout (left) and a picture (right) of MWPPAC [16].

40



3.3. THE PRISMA SPECTROMETER

3.3.3 Multiwire Proportional Plate Avalanche Counter

The ions exiting the dipole after 3.2 m drift in vacuum are detected by the Multiwire

Proportional Plate Avalanche Counter (MWPPAC) [16]. It consists of 10 equal

sections, with a beam-facing surface of 10×13 cm2 each, covering a total area of

100×13 cm2 in order to match the large acceptance of the spectrometer. Figure 3.6

shows the exploded view and a picture of the MWPPAC.

The MWPPAC detector provides the focal plane position of the ions along the x

axis and the y axis having a position resolution of 1 mm and 2 mm, respectively. Be-

sides the position information, it provides a timing signal for both the time-of-flight

(TOF) measurements between the MCP and the MWPPAC, and Data Acquisition

trigger. The calculation of the TOF is important because of the trajectory recon-

struction procedure. It reaches the time resolution of about 300 ps and the efficiency

of around 80% for heavy ions at energies a few MeV/nucleon [18].

Each section of the detector has a three electrode structure: two orthogonal

anode wire planes to determine the horizontal and vertical positions, and a central

cathode placed 2.4 mm downstream and used for timing. The 100 anode wires in

each pad are placed in steps of 1 mm on the horizontal axis whereas on the vertical

axis the wires are connected in groups of two covering the entire length of the detector

with a step of 1 mm. The position signals are obtained by means of the delay lines

from each side of the section: left and right. The relative delay is proportional to

the position of the ion. The avalanche of the secondary electrons created by the ion

of panel (c), are due to the magnetic rigidity
(momentum over charge state) selection of the
spectrometer.

Panel (b) shows the mass spectrum of the Ge
isotopes obtained after ion-track reconstruction
[13]. A mass resolution DA=A!1=270 is obtained
confirming the very good performance of the FPD
and MCP detectors.

6. Summary

The most relevant feature of the PRISMA FPD
system is its ability to measure time, positions,
energy loss and total energy of the analyzed ions
over a large area and with good resolution. A very
high reliability has been demonstrated during
several in-beam test runs and measurements
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Fig. 11. Left panels: measured X and Y position spectra for the reaction 152MeV 40Ca + 96Zr, where the central angle of PRISMA
was y ¼ 751. Right panels: measured (up) and calculated (bottom) time resolutions for the same reaction (see text). The absolute time
calibration of the two TOF spectra are different. Only a part of the full statistics is shown. Gaussian fits of the spectra are shown as
lines.
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Figure 3.7: Typical position spectra of one section of the MWPPAC in X (left)

and Y (right)[16].
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Figure 3.8: Schematic view of the IC [16].

is well localized since each wire is an independent counter (typically only one wire

is firing). Figure 3.7 shows the typical X and Y position spectra of one section of

MWPPAC. The cathode is polarized at negative potential in range of 500-600 V

and the anode placed at ground potential. The detector operates with isobutane

gas (C4H10) at working pressures of 7-8 mbar.

3.3.4 Ionization chamber

The focal plane MWPPAC detector is followed by an Ionization Chamber (IC) at a

distance of 60 cm [16]. It has dimensions of 110(X)×20(Y)cm2 to match the large

acceptance of the spectrometer and an active depth (Z) of 120 cm. Such a long

depth was chosen due to the stopping power and the maximum pressure of the used

gases which make the path length of heavy ions comparable with this depth. Figure

3.8 shows the exploded view of the IC.

The IC allows to measure the total energy of the ions and their energy loss in the

gas. Combining the information on the total energy and the energy loss of the ions

one can obtain the atomic number Z of the ion, see Figure 3.9. An energy resolution

of 1-2 MeV has been achieved for a medium-mass ions at few MeV/A even for such

large dimensions of the detector [19].

The IC is divided into 40 sections: 10 sections on the horizontal axis and 4

sections along straight trajectories. Each of them has dimensions of 25×10 cm2

measuring the energy loss ∆E and the total energy E. In each section, the energy

loss is obtained by measuring the number of electron-ion pairs created by direct

ionization in the gas by applying electric fields [40]. By summing the energy loss in

all sections one can obtain the total kinetic energy of the fragment.

The IC consists of anode pads, a common cathode and a common Frisch grid.

The use of the Frisch grid makes sure that the amplitude of the signal is independent

of the entrance position of the ion. Figure 3.10 shows the inner view of the IC.
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3.2. OVERVIEW OF THE EXPERIMENTAL HISTOGRAMS 39

It must be noticed, however, that for the heaviest elements some overlap

exists. The intrinsic limits to the energy resolution of these gas filled de-

tectors, approximatively �E/E ' 1.5%, contitute a contraint that must be

taken into account.

Figure 3.6: Energy released in the first row of the ionization chambers, �E, versus

total energy E of the ions, for the reaction 82Se+238U at 505 MeV. In this matrix

several Z lines are clearly visible. The beam-like particles correspond to the high-

lighted line. Proton stripping and proton pick-up are respectively below and above

this line.

Figure 3.9: Example of ∆E-E matrix for the 82Se + 238U reaction at Elab = 505

MeV [13]. The most intense line corresponds to the 82Se (Z=34).

The detector usually operates with methane (CH4) and carbon-tetrafluoride

(CF4), due to the high electron drift velocity, which allows to preserve good en-

ergy resolution even with the high counting rates needed in the experiments. In our

case, the CF4 was used due to its higher stopping power for high energy ions.

Additional 8 side detectors are placed on the left (4 detectors) and on the right (4

detectors) for veto purposes eliminating the ions with highly distorted trajectories.

Figure 3.10: Inner view of the IC [16].
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Chapter 4

Data analysis

This chapter presents the analysis of data collected from the PRISMA spectrome-

ter described in the previous chapter. PRISMA was employed in the 206Pb+118Sn

experiment performed in inverse kinematics.

First, the details on the experiment including the position of PRISMA will be

presented. Then the calibration procedure of the various detectors consisting in the

spectrometer will described. Finally, the yield of each nuclear charge produced in

the present experiment will be determined.

4.1 206Pb + 118Sn experiment

The experiment of multinucleon transfer reaction was performed by using a 206Pb

beam with average currents of ∼2 pnA delivered by the superconducting PIAVE-

ALPI accelerator complex of LNL, impinging onto a 200 µg/cm2 strip (∼2 mm) 118Sn

target with a purity of 99.81%. The Sn material was sandwiched between two 15

µg/cm2 C films in order to reduce the sputtering process on the target surfaces. The

measurement of an excitation function was performed at three different bombarding

energies, Elab=1200, 1100 and 1035 MeV, see Figure 4.1. For the highest energy

PRISMA was positioned close to the grazing angle at θlab=35◦ and then at θlab=25◦.

At two lower energies the angle of PRISMA was kept fixed at θlab=25◦ since below

the Coulomb barrier (Elab∼1041 MeV) the maximum of angular distributions of

transfer flux was at forward angles in the laboratory frame (backward angles in

the center of mass frame). In this way, the target-like ions had sufficient kinetic

energies to be registered with good resolution, also at low beam energy, see Figure

4.2. The kinematics of the reaction allows also part of the beam-like ions to enter the

spectrometer, being the limiting angle for Pb close to θlab=35◦. The magnetic fields
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and the gas pressures within PRISMA to detect and completely stop the reaction

products of the present experiment are summarized in Table 4.1.

Figure 4.1: Transfer probabilities as a function of the distance of closest approach

D for neutron transfer channels calculated by Grazing code. The col-

ored lines indicate the region of D covered by PRISMA at the cor-

responding nominal bombarding energies and the angles of PRISMA.

[17]. With these settings (from top to bottom) the measurements were

performed.

The Figure 4.1 shows how the experiment evolved. An excitation function from

above to well below the Coulomb barrier was measured by varying the beam energy

from 1200 to 1035 MeV. Among these three energies, the highest energy is the one

where one can have the highest kinetic energy of the reaction fragments and the

highest cross section for the transfer channels, in particular for the proton transfer
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θ 38oθlab=38o
5 MeV/A

θ 54oθlab=54o
4.3 MeV/A

FIG. 2: Left: kinematics of the 206Pb+118Sn reaction at Elab=1200 MeV. blab is the v/c of the ions. The
shaded (yellow) region corresponds to the PRISMA acceptance at the setted angle qlab=35�. Right : Exam-
ples of mass distributions obtained in the indicated reactions.

FIG. 3: Left: GRAZING code calculations for the differential cross sections for the +1n channel (as function
of the distance of closest approach (top) and corresponding laboratory angle qlab (bottom)) at Elab=1200
MeV. Right : transfer probability.

Figure 4.2: Kinematics of the 206Pb+118Sn reaction at Elab=1200 MeV. The

shaded (yellow) region corresponds to the PRISMA acceptance at

θlab=35◦ [9].

channels. Therefore, the focus of this thesis is to identify nuclear charge of the

transfer products in the region of Sn-like ions at the highest bombarding energy at

both angles so to get the best resolution in the IC.

In addition, two silicon detectors were mounted in the sealed chamber. These

detectors were used as monitor detectors during the experiment to get pure Ruther-

ford scattered 118Sn ions, to normalize the measured angular distributions, to get

information on the beam position and the target thickness. The monitors were

placed at θlab=48◦ and θlab=58◦ when the angle of PRISMA was set to θlab=35◦,

and then the angles of Si detectors were changed to θlab=58◦ and θlab=68◦ for the

PRISMA placed at θlab=25◦.

Table 4.1: PRISMA settings. For Elab=1200 MeV.

Detection angle 35◦ 25◦

Dipole field strength 0.867 T 0.921 T

Quadrupole field strength 0.798 T 0.852 T

MWPPAC fill gas C4H10 at 6 mbar

IC fill gas CF4 at 34.5 mbar
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4.2 Presorting of the data

The PRISMA spectrometer deflects ions according to their momentum and charge,

and provides their atomic number, atomic charge state, mass and velocity. The

identification of the atomic number, which is the main objective of this thesis, is

done by using the energy loss of the ions as a function of the total energy released

in the ionization chamber.

The analysis procedure serves as a basis for future analysis of complete identi-

fication which includes the atomic mass, Q-value, etc. The atomic mass number

can be obtained via an event-by-event reconstruction of the ion trajectory inside the

magnetic elements of PRISMA, making use of time of flight and position information

at the entrance and at the focal plane of the spectrometer. Therefore, to extract the

relevant physical information a careful calibration of the entrance and of the focal

plane detectors of PRISMA is necessary. A description of the calibration procedure

applied to each detector will be given in the subsections below.

4.2.1 The Entrance Detector (MCP)

Being the first detector of the spectrometer, MCP provides the first interaction point

(x, y) of the incoming ion. The x and y raw positions measured by the MCP are

shown in Figure 4.3 (left).

Two lines and the cross are clearly visible. The lines are the shadows of nails

which were put inside the quadrupole and the cross is the shadow of the metallic

cross-shaped mask. The metallic mask is mounted at about 1 cm upstream of the
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Figure 4.3: The raw data (left) in x and y coordinates of the MCP detector and

calibration plot of the raw data with respect to the reference points

(right). The random events were eliminated by putting a polygonal

gate on the spectrum.
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Table 4.2: Reference positions of the cross installed to calibrate the MCP

detector.

position x (mm) position y (mm)

centre 0 0

top left -21.5 26.5

top right 21.5 26.5

bottom left -21.5 26.5

bottom right 21.5 26.5

carbon foil. It has 5 reference points used to calibrate the x and y positions of the

MCP, see Table 4.2 .

Before the calibration of the x and y signals one should take into account that

the mounted mask is usually rotated of about 2-3◦ during the experiment. In order

to rotate and stretch the raw coordinates it is necessary to correct the two lines,

mentioned above, making them vertical again. This is achieved by means of the

coefficient matrix, with the diagonal elements equal to 1, multiplied by the raw data:

(
x

′

y
′

)
=

(
1 a

b 1

)(
xraw

yraw

)

Then the transformed coordinates are calibrated from channels to millimeters

using a cubic polynomial (x) or a linear polynomial (y):

xcal = Ax +Bxx
′
+ Cxx

′2

ycal = Ay +Byy
′

Figure 4.3 (right) shows the calibration procedure. One can notice that the number

of reference points in the plot are more than the number of points given in Table 4.2.

This is due to the fact that there are more parameters than reference points for the

fit. Therefore, to improve the fit, additional points in between the center of the cross

and the other reference points were used. The parameters of the calibration proce-
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Figure 4.4: Calibrated spectra of the MCP detector in carthesian (left) and polar

(right) coordinates.

dure are obtained by a least-square fit of the distance between the calibrated points

and the reference points; and the outcome of the calibration is quite satisfactory.

Figure 4.4 shows the calibrated MCP plane in carthesian and in polar coordi-

nates. The spectra were transformed into polar coordinates according to the equa-

tions in Appendix A of Ref. [41]

To eliminate noise contributions a gate on the MCP was set.

4.2.2 The Focal Plane Detector (MWPPAC)

As it was already mentioned in Section 3.3.3 the MWPPAC consist of 10 sections,

see Figure 4.9. Each section provides 5 signals:

• xR: horizontal right position

• xL: horizontal left position

• xC : cathode signal

• yR: vertical right position

• yL: vertical left position

Among these signals, the first 3 are of interest, because they are used to determine

the focal plane position xfp of the ions which allows to reconstruct their trajectory

while the last two have less effect on the trajectory reconstruction and are mainly

used to check the centering of the beam. The signal from cathode xC is also used

to measure the Time Of Flight (TOF) of the detected ions between the MCP and

the MWPPAC detectors by means of a Time to Amplitude Converter (TAC).
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The signals from horizontal right xR and left xL positions are propagating by

means of the delay lines. So by subtracting them one can obtain the focal plane

position xfp of the ions in each section:

xfp = xR − xL (4.1)

But the use of delay line method and the limited efficiency of the MWPPAC may

result in one of the two horizontal position signals missing (xR or xL). In order to

recover the missing signal the cathode signal is used since its amplitude must be the

same as the sum of two horizontal signals:

xC = xR + xL (4.2)

Figure 4.5 (left) shows how the relation above allows to select ”good” events

and to reduce the ”noise” contribution by putting a polygonal gate on the matrix

xR + xL versus xC . The ideal case, according to Equation 4.2, would be to get a

point-like structure with no missing signals. For us this is not a case as it can be

seen in Figure 4.5 (left) showing the vertical line where sum of left and right signals

is lower than the cathode signal. The missing events are recovered by substituting

the missing signal by the cathode signal. If the right signal is missing, then Equation

4.1 becomes xC - xL while for the left missing signal it becomes xR - xC . Figure 4.5

(right) shows the recovery procedure of the missing left signal which incorporates

the bidimensional plot of xfp = xR - xL versus xR - xC . The obtained offset and the

Figure 4.5: A polygonal gate to suppress the background signals on one of the

sections of MWPPAC (left) and the recovery procedure of a missing

signal (right).
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Figure 4.6: The calibrated focal plane position xfp of the detected ions.

slope of the calibration curve corresponding to each section were used to reconstruct

the position of the incomplete events. The missing right signal was recovered in a

similar way.

Summing the position information from all 10 sections and then calibrating them

into millimeters with a first-order polynomial the focal plane position xfp was ob-

tained. Figure 4.6 shows the final spectrum of the x position of the detected ions in

the focal plane. One can notice the spacing each 100 mm and the central channels of

each section having more statistics than the other. The spacing is due to the separa-

tion between the different sections of the MWPPAC. The higher amount of counts

in central channels in each section is the result of the two short-circuited central

wires in each section of MWPPAC which is done for the calibration purposes.

The Time of flight (TOF)

In order to identify the mass and the charge state of the reaction fragments it is

necessary to measure their time of flight (TOF) through the spectrometer as it is

governed by the equation

A

q
=
Bρ

L
TOF (4.3)

where A/q is the mass-over-charge ratio, Bρ is the magnetic rigidity (which includes

the magnetic strength B of the dipole and the curvature radius ρ of the trajectory)
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Table 4.3: TOF of the elastically scattered Sn-like ions. For Elab=1200 MeV.

Detection angle 25◦ 35◦

L (m) ' 5.9

v (cm/ns) 3.83 3.44

TOF (ns) 155.5 171.4

and L is the path length of the trajectory. L and ρ are calculated by PRISMA

manager routines used to reconstruct the path of the ions.

The TOF is measured with ten Time to Amplitude Converters (TAC) using the

signals of the MWPPAC sections as a start and the delyed MCP signal as a stop

so to reduce the dead time from the TAC. Later ten output signals are calibrated

from ADC values into ns by means of the calibration coefficients provided by the

local team. The TOFs of ten sections are not initially aligned with respect to each

other. Therefore the alignment procedure of different sections is performed. Then

to obtain the velocities of the reaction products it was necessary to set a common

TOF offset. The tuning of the TOF offset with a good precision is usually done by

using the gamma spectra measured by AGATA (or CLARA) in coincidence with the

ion detected by PRISMA. However, no coincidence measurement was performed in

this experiment, therefore one had to calculate the TOF of the elastically scattered

Sn-like ions through the PRISMA spectrometer so to use it as a reference for the

common TOF offset. The velocities of the elastically scattered Sn-like ions (v) for

both PRISMA angles (25◦ and 35◦), the length of the trajectory in PRISMA (L)

and the calculated TOFs (TOF = L/v) are given in Table 4.3.

The aligned and calibrated spectrum of the TOF versus xfp for the 206Pb+118Sn

reaction measured by PRISMA at 35◦ is shown in Figure 4.7. One can see the

diagonal lines corresponding to the different mass-over-charge ratio of the reaction

products.

Figure 4.8 shows the TOF and β spectra of the ions detected at 35◦ of PRISMA.

It is interesting to note that among two reaction partners only Sn-like ions can be

clearly distinguished. This is due to the reaction kinematics which have a limiting

angle for Pb close to θlab=35◦ allowing part of the Pb-like ions to be accepted by

the spectrometer, see Figure 4.2.

Similar procedure involving alignment and calibration of TOF versus xfp spec-

trum was applied for the measurement at 25◦ of PRISMA.
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Figure 4.7: The final spectrum of the TOF versus the horizontal position on the

focal plane xfp for the measurement at 35◦ of PRISMA.

Figure 4.8: TOF (right) and β (left) distributions for PRISMA measured at 35◦.

The title referring to the Pb-like ions is for the illustration purpose

only. The pedestal coming from the electronics in this region is clearly

visible instead.

In our analysis the region of interest in the spectrum was the Sn-like ions and

it was important to reduce the contribution of the Pb-like ions to this region. This

goal was achieved by means of the determined TOF of the ions which reduced the

contribution of the Pb-like ions significantly.

4.2.3 The Ionization Chamber (IC)

Being the last detector of the spectrometer, the IC fully stops the incident particle

and provides its atomic number with ∆E-E method, see Section 4.3.

As already discussed in Section 3.3.4, the IC consist of 40 sections. Each section

measures the energy loss of the passing fragment independently and therefore all
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40 sections need a proper calibration. The calibration is usually done before the

experiment using the gain coefficients obtained by means of a pulser which sends

signals in each section of the IC. Thus, one can match the gains of the different

sections. This gain matching procedure does not give energy values in MeV but

does the alignment of the signals in each section only. Figure 4.10 shows the raw

spectra of the ions produced in 206Pb+118Sn reaction depositing their energy within

the 4 sections that compose one of the central rows of the IC. One can see the

red lines referring to the lower and upper thresholds relative to each section. The

lower threshold was set in order to eliminate the pedestal at the beginning of the

spectrum. The upper threshold was applied to get rid of noise in the last channels

of the IC.

Figure 4.9 shows the IC and the MWPPAC in combination with the different

scenarios for the ion trajectories. It is common to both of them that only those ions

reaching the IC are considered during offline analysis. Among them, the ions with

highly distorted trajectories firing in one of the side pads, placed on both sides of the

4.2. Presorting of PRISMA data

4.2.3. The ionization chamber

At the end of their trajectory inside the spectrometer the ions are detected and
stopped in the ionization chamber, which was described in Section 2.3.4. This last
detector is used as a E-�E telescope for Z identification (see Section 2.2). The signals
of the IC are not calibrated from ADC units to MeV but rather aligned one with respect
to the other, matching the gains of the di↵erent sections. This gain matching procedure
is usually carried out before the experiment, sending signals with a pulser inside the 40
pads of the IC and working on the output spectra to obtain the right coe�cients for a
linear “calibration”.

Figure 4.9.: Schematic drawing of the focal plane detectors of PRISMA. The side pads
of the IC are in grey. The green line represents a possible valid trajectory
of an ion stopped in the IC, while the red line represents the trajectory of
an ion that crosses the side pads and is therefore rejected. Adapted from
Ref. [122].

In Figure 4.9 a picture of the IC is depicted. On both sides of the IC are two
additional rows of pads (shaded areas), called side pads, with a veto function: if an ion
releases en energy higher than a certain threshold inside one of these pads, the event is
rejected (red trajectory). The threshold value can be adjusted independently for each
single pad. Ions with trajectories that are too inclined or too far from the central one
can release enough energies in the side pads to be vetoed and then discarded from the
final analysis. Moreover, events in which the energy loss is not consistent with the
reconstructed trajectory are rejected as well. All the other events are considered valid
(green trajectory).

The combination of the valid signals coming from the IC can be used to construct
the E-�E matrix, reported in Figure 4.10.
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Figure 4.9: The layout of the Focal Plane Detectors (FPD) including the MW-

PPAC and the IC. The side pads of the IC are in grey. The three

different examples of the ion trajectories within the FPD are drawn

(see text for details) [18].
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Figure 4.10: The raw spectra of the 4 sections composing one of the central rows of

the IC. According to the Bethe formula, the Pb-like ions are stopped

before Sn-like ions. The red line represents the threshold to eliminate

the pedestal coming from the electronics.
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Figure 4.11: Energy loss in the first two IC layers ∆EAB as a function of the

total energy loss EIC for the measurements at 25◦ (top) and 35◦ (bot-

tom) degree of PRISMA. One can observe the yield of the Sn-like

ions populated through the MNT reactions, Pb-like ions and fission

fragments.
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IC, are rejected (red). The ions fully stopped in the IC by means of the necessary

gas pressure. This means the total energy of the recoil can be obtained by summing

the energy of all sections. If the energy loss of the event is not consistent with the

reconstructed trajectory, then they are rejected as well. The remaining events are

considered valid for the analysis procedure (green).

The energy loss ∆E as a function of the total energy loss E for the measurements

at both angles are shown in Figure 4.11. One can observe the most intense band

corresponding to the yield of the Sn-like ions, the Pb-like ions close to the region

where ∆E and E merge, and the fission fragments around Z ∼ 30-40.

The identification of the atomic numbers of the reaction products will be dis-

cussed in Section 4.3.

4.2.4 Trajectory reconstruction

The complete identification of the reaction fragments is based on the software recon-

struction of the ion trajectories. The software, known as PRISMA manager routine,

calculates the curvature radius ρ and the path length L of the ion trajectory which

allow to derive the mass and the charge of the ions, see Section 4.2.2. In addition,

this routine provides the range R and the total energy released E in the IC which

can be used to identify the nuclear charge of the ions.

In order to reconstruct the trajectories the software uses the position, time and

energy signals coming from the entrance detector and the focal plane detectors, and

the equations of motion of a charged particle in the quadrupole and dipole magnetic

fields. To calculate the trajectory in the analysis procedure of this experiment some

approximations were necessary: the ions are emitted from the center of the target,

the ion optical elements are considered to be ideal and the trajectories are planar

in the xy plane of PRISMA frame of reference with a direction of incoming ions

pointing towards x, see Figure 4.12.

A description of the equations of motion in the dipole and the quadrupole mag-

netic fields, and of the routine for the trajectory reconstruction will be given in the

subsections below.

Quadrupole field

The entrance position of the ion in the quadrupole is defined by the coordinates

returned from the MCP detector.
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Figure 3.7: Frame of reference in the PRISMA system [72].

Motion of ions in magnetic fields

From the distances between different elements of the spectrometer and the knowledge of

forces acting on ions inside magnets, equation of motion of ions can be found.

Motion in the quadrupole magnetic field. The entrance position in the

quadrupole is completely determined by the coordinates of the nuclei given by the start

detector. The quadrupole magnetic field is given by B⃗ = ∇⃗Um, with Um = Bmax
ρ yz, and

the force acting on a charged particle is obtained from the Lorentz equation F⃗ = qv⃗× B⃗.

Resulting magnetic force on an ion moving in the quadrupole has two components:

Fx ≃ qvzbx and Fy ≃ −qvzby. The ion motion inside the quadrupole is a hyperbolic

defocusing motion on the horizontal plane and sinusoidal focusing on the vertical plane

whose main purpose is collection efficiency. Since the length of the quadrupole is known,

it is possible to calculate the coordinates of the reaction products leaving the quadrupole.

From the quadrupole to the dipole, as the magnetic fields are considered to be ideal, the

trajectories follow a straight line [72].

Motion in the dipole magnetic field. Following the previous equation of motion

in the quadrupole field, the entrance coordinates of the ions in the dipole can be found.

The dipole magnetic field bends the trajectories because of the Lorentz force acting on a

charged particle and motion becomes circular with a radius ρ. Since the radial velocity

38

Figure 4.12: The reference frame of the PRISMA spectrometer [19].

In the ideal case, the quadrupole magnetic field is defined by the equation

~B = ~∇Um

where

Um(y, z) =
Bmax

ρ
yz

is the magnetic potential, and the force acting on a charged particle is derived from

the Lorentz equation

~F = q~v × ~B

As a result, the magnetic force has two components:

Fy ' qvxBy(y, z)

Fz ' −qvxzBz(y, z)

In this way, the motion of the ion inside the quadrupole field is hyperbolic which

focuses it in the vertical plane and defocuses in the horizontal plane. With known

length of the quadrupole one can calculate the coordinates of the reaction fragments
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leaving the quadrupole. The trajectories from the quadrupole to the dipole follow

the straight line taking into account that the magnetic field is considered to be ideal.

Dipole field

The entrance coordinates of the ion in the dipole are determined by the previous

equation of motion in the quadrupole field. Then the ion is deviated according to

the Lorentz force within the dipole and it travels a circular motion with a radius ρ:

ρ =
mv

qB
(4.4)

where m is the atomic mass, v is the tangential velocity of motion, q is the atomic

charge and B is the magnetic field strength. Equation 4.4 governs the working prin-

ciple of a spectrometer which deflects ions according to the their magnetic rigidity :

Bρ =
mv

q
=
p

q
(4.5)

The trajectories of the ions exiting the dipole and going up to the MWPPAC are

considered as straight lines since there is no magnetic force.

Reconstruction of the ion trajectories

Using the information provided by all the detectors and the equations of motion

desctibed above one can reconstruct the total length L of the ion trajectory:

L = LMCP + LQ + LQ−D + LD + LMWPPAC

where

• LMCP is a straight line from the target to the entrance of quadrupole;

• LQ is a hyperbolic path inside the quadrupole magnet;

• LQ−D is a straight line from the exit of quadrupole to the entrance of dipole;

• LD is a circular path in the horizontal disperson plane within the dipole mag-

net;

• LMWPPAC is a straight line from the exit of dipole to the MWPPAC.
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The total length L and the bending radius ρ of each particle are reconstructed

iteratively using the ray-tracing algorithm of the PRISMA manager routine. The

routine calculates the position on the focal plane taking into account the measured

position on the MCP and a guess radius ρ = 120 cm corresponding to an ideal

central trajectory. Then the calculated position is compared with measured one. The

iterative procedure is continued until the calculated position matches the measured

one with a difference of these two positions less than 1 mm by modifying the guess

radius ρ towards the measured position.

After the trajectory reconstruction one can calculate the range R of the ion in

the IC in the following way:

• all events with the path in the IC not consistent with the reconstructed tra-

jectory are rejected;

• the total energy E of the ion is calculated by summing the measured energy

losses ∆Ei in the different sections of the IC;

• a weighted distance Lw between the MWPPAC and each IC section is calcu-

lated by using ∆Ei as a weight;

• the range R is reconstructed by subtracting the MWPPAC-IC distance from

the weighted distance Lw.

4.3 Identification of the Nuclear Charge

As it was mentioned before, the thesis is aimed at the nuclear charge Z identification

of the target-like reaction products. This goal can be achieved by means of the IC

measuring the energy loss and the total energy of the ions. The ions entering the

IC deposit their kinetic energy by interactions with a gas filling the IC, see Section

3.3.4. The specific energy loss of an impinging particle in an absorber is governed

by the Bethe–Bloch equation [40]:

− dE

dx
=

4πe4

m0

Z2

v2
Nz

[
ln

(
2m0v

2

W

)
− ln

(
1− β2

)
− β2

]
(4.6)

where Z and v are the nuclear charge and the velocity of the incident particle, m0

and e are rest mass and the charge of the electron respectively, N and z are the

number density and the atomic number of the absorber atoms, W is an experimen-

tally determined parameter which represents the average excitation and ionisation
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potential of the absorber, β is the ratio between the velocity of the ion and the

velocity of light. In the non-relativistic approximation Equation 4.6 becomes

− dE

dx
∝ mZ2

Ekin
ln

(
Ekin
m

)
(4.7)

where the term E× dE
dx

weakly depends on the kinetic energy Ekin of the ion and can

be used for the Z identification through the energy loss dE versus the total kinetic

energy Ekin matrix. In addition, Z can be obtained with the total kinetic energy

Ekin versus the range R matrix since the range R of the ion is defined as

R =

∫ 0

Ekin

(
−dE
dx

)−1
dE. (4.8)

In PRISMA manager routine ∆E and E correspond to dE and Ekin of the Bethe–Bloch

equation, respectively.

Basing on the definition above the ∆E-E matrix will be constructed in order

to identify the nuclear charge Z of the Sn-like transfer products of the 206Pb+118Sn

reaction. Then Z distribution of these transfer products together with their absolute

and relative intensities will be determined. A description of the performed procedure

will be given in the subsections below.

Construction of Z spectra

Once the calibration procedure of the PRISMA detectors is performed one can plot

the ∆E-E matrix using the valid events coming from the IC. Figure 4.13 (top and

bottom) shows the energy loss in the first two rows of the IC against the full energy

deposition in the IC of the transfer region measured with PRISMA placed at 25◦ and

35◦, respectively. In both cases, it seems that the strong component of Sn ions (with

elastic+inelastic transfer channels) overwhelm the various proton transfer channels

making Z identification more difficult.

Figure 4.14 (left and right) shows the projection on the y axis of the transfer

region of Sn-like ions rotated at a proper angle. One could naively assume that

during the experiment the IC was not working properly since there is no peak relative

to different nuclear charge. However, well-separated peaks of the fission products

relative to different atomic charges in Figure 4.15 mean that there was no problem

in the IC performance. Moreover, the experimental kinematics of the reaction is

well matched with the calculated one reflecting that the Sn-like transfer products
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Figure 4.13: Energy loss in the first two IC layers (∆EAB) as a function of the

total energy loss EIC for the measurements of the transfer flux at 25◦

(top) and 35◦ (bottom) degree of PRISMA. One can note the the

contribution of the strong component coming from the Pb-like ions.
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Figure 4.14: Projection on the y axis of the rotated ∆E-E matrix in the Sn-like

transfer region for the measurements at 25◦ (top) 35◦ (bottom) of

PRISMA. The original spectra are in blue. The final spectra are in

red. See text for details.
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Figure 4.15: Projection on the y axis of the rotated ∆E-E matrix in the region of

fission fragments (at 25 ◦ of PRISMA). This is a clear indication that

that the resolution of the IC is good enough to distinguish various

nuclear charges of fission fragments around Z = 30-40.

have high kinetic energies around 750 MeV to be detected with good enough Z

resolution, see Figure 4.16. Summarizing the facts that there was no problem in the

operation of the IC, the resolution of the IC is expected to be ∆Z/Z ' 1/60 and

the bombarding energy is well above the Coulomb barrier which increases the cross

sections of proton transfer channels it is concluded that the partial determination

of the different Z distributions should be possible. Therefore, one should check the

calibration or gain matching between different sections of the IC which was carried

out before the experiment, see Section 4.2.3. This is done through the following

procedure:

• only the ions with straight trajectories in each of the 10 sections of the MWP-

PAC and the IC (and without energy loss in the nearby sections) were selected;

• with the selected events ∆E-E matrix was plotted for each of these 10 sections;

• each ∆E-E matrix was rotated at a proper angle (the same for all ∆E-E

matrices) and was projected on the y axis the transfer region of Sn-like ions

• the centroids of the projections were aligned with respect to each other intro-

ducing a small correction;

• all the corrected (and rotated) ∆E-E matrices with the selected events were

summed to create a new ∆E-E matrix.
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4.3. IDENTIFICATION OF THE NUCLEAR CHARGE

In addition to the procedure above, to reduce the contribution from Pb-like ions,

the TOF gate for the Sn-like transfer region was applied to the both measurements

at 25◦ and 35◦ of PRISMA. The final spectra of the ∆E-E matrix projected on the

y axis are shown in Figure 4.14. One can see the clear improvement represented as

the distinct peaks relative to different nuclear charges. By incorporating the ions

with only straight trajectories the original spectra was reduced roughly by a factor

3 in both cases. A more detailed treatment of the nuclear charge Z selection process

can be found in Ref. [18, 42].

Determination of Z distributions

The mass-integrated proton transfer channels are shown in Figure 4.17 ranging from

(-7p) to (+6p) and from (-8p) to (+5p) for the measurements at 25◦ and 35◦ of

PRISMA, respectively. In both cases, proton-stripping channels are populated more

than the proton pick-up channels. The absolute yields of the these channels were

extracted by means of the multigaussian fit. In this experiments, a Z resolution of

about ∆Z/Z ∼ 1/68 was obtained.

The absolute and relative intensity distribution of the selected mass-integrated

proton transfer channels is listed in Table 4.4. The most intense (0p) peak corre-

sponds to the Sn-like ions. Taking it as a reference the other peaks were assigned

to the corresponding nuclear charges [43].
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Figure 4.17: The final spectra showing the peaks corresponding to the mass-

integrated proton channels for the measurements at 25◦ (top) and

35◦ (bottom) of PRISMA. The multigaussian fit used to extract the

absolute yields for the indicated channels is represented by the red

curves.
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4.3. IDENTIFICATION OF THE NUCLEAR CHARGE

Table 4.4: Absolute (total amount of counts) and relative Z intensities of the

Sn-like transfer products measured at 25◦ and 35◦ of PRISMA.

Z Distribution 25◦ 35◦

42 Molybdenum (Mo) 0.35 ×103 0.02%

43 Technetium (Te) 0.42 ×103 0.20% 0.94 ×103 0.05%

44 Ruthenium (Ru) 1.79 ×103 0.87 % 3.37 ×103 0.18%

45 Rhodium (Rh) 4.41 ×103 2.14 % 8.57 ×103 0.47%

46 Palladium (Pd) 11.67 ×103 5.67 % 24.64 ×103 1.35%

47 Silver (Ag) 22.39 ×103 10.89 % 55.38 ×103 3.04%

48 Cadmium (Cd) 42.90 ×103 20.87 % 157.79×103 8.65%

49 Indium (In) 75.71 ×103 36.83 % 383.15×103 21.02%

50 Tin (Sn) 205.526 ×103 100 % 1822.76×103 100 %

51 Antimony (Sb) 51.52 ×103 25.06 % 205.84×103 11.29%

52 Tellurium (Te) 21.34 ×103 10.38 % 57.02×103 3.13%

53 Iodine (I) 8.41 ×103 4.09 % 11.64×103 0.64%

54 Xenon (Xe) 3.68 ×103 1.79 % 3.02×103 0.17%

55 Cesium (Cs) 0.93 ×103 0.45 % 0.67×103 0.04%

56 Barium (Ba) 0.39 ×103 0.19 %
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Chapter 5

Comparison of results with the

Grazing code

As it was described in Section 2.2.3, the GRAZING code is based on the semi-

classical model which treats the relative motion on a classical basis while inelastic

excitations and transfers are treated in a microscopic way. The formalism lying

behind the model can be found in Ref. [3, 44], while in this Section some of the

approximations introduced in the description of the reaction will be outlined first.

Then the interpretation of the nuclear charge distribution of the present system

will be given by comparing with the theoretical model GRAZING and with other

previously studied systems.

In the GRAZING model, a transition is characterized by several observables such

as excitation energy E∗i , number of neutrons Ni, number of protons Zi and so on

of the products. Then the model constructs the probability P (E∗a, E
∗
A, Na, Za, · · · )

of the given transition not by solving directly the semi-classical system of coupled

equations 2.10 but by introducing a characteristic function:

P (E∗a, E∗A , Na, Za, · · · ) =< Ψ(t)|δ(Ĥa − E∗a) · · · δ(Ẑa − Za) · · · |Ψ(t) > (5.1)

where the Z function contains some parameters that have to be introduced if

necessary. It is important to mention, without further discussion, that the tran-

sition 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 [10].

In order to describe the relative motion and to calculate the inelastic form fac-

tors, GRAZING uses the following parametrization of the nuclear ion-ion potential

[29]:
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UN
aA = −16πγa

RaRA

Ra +RA

[
1

1 + e(r−Ra−RA)/a

]
(5.2)

where Ri =

(
1.20A

1/3
i − 0.09

)
fm are the nuclear radii of the two nuclei, the diffu-

sion parameter a expressed as

1

a
= 1.17

(
1 + 0.53(A−1/3a + A

−1/3
A )

)
fm−1 (5.3)

and the surface tension γ is given by

γ = −0.95

[
1− 1.8

(Na − Za)(NA − ZA)

AaAA

]
MeVfm−2 (5.4)

where Ai is the mass number and Zi, Ni stands for the charge and neutron number

respectively. For the Coulomb interaction the model uses the expression of two

points charges.

In order to compare the experimental data with the calculations, it is necessary

to extract the yields. By means of the multigaussian fit, as it is shown in Figure

4.17, the yield of each nuclear charge were obtained for the measurements at 25◦

and 35◦ of PRISMA. The experimental absolute cross sections were not measured

with sufficient precision due to the lack of the information on the transmission

of the spectrometer for the present experiment. Therefore, the calculations were

used for the normalization of the experimental yield. The GRAZING model has

been successfully reproducing a variety of experimental results with heavy ions.

In particular, it describes well one-neutron and one-proton transfer channels (see

Section 2.2.3). In our case, the (-1p) channel was chosen for the normalization due to

the fact that the proton stripping path in the present experiment is better separated

allowing to determine the yield with better precision. Finally, one obtains Figure

5.1 which shows the comparison of the experimental total cross sections for each

mass-integrated proton transfer channel with the ones calculated by GRAZING.

Comparing the experimental data with the theory a list of observations are ob-

tained:

• Theory well reproduces the (+1p) channel but there is a clear underestimation

starting from the (-2p) and (+2p) channels in both pick-up and stripping

paths. As it was mentioned in Section 2.2.3, the GRAZING calculations do

not fully take into account the influence of the deep-inelastic components to
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Figure 5.1: Comparison between experimental data measured at 25◦ (red square)

and 35◦ (black circle) of PRISMA and the GRAZING calculations for

mass-integrated proton transfer channels of the present experiment.

the reaction. The deviation from the calculation indicates that the fragment

isotopic distributions have large contributions associated with strong energy

damping in the deep-inelastic regime at this energy above the Coulomb barrier

(see Section 2.1.1). Similar underestimations of the GRAZING were observed

in the previously studied 40Ar+208Pb [19] and 197Au+130Te [18] reactions (see

Figure 5.2).

• One can note that in the measurement at 25◦ the deviation is more pronounced.

This is a clear indication of the deep-inelastic components in the reaction

dominating over the quasi-elastic one when moving from more backward to

more forward angles.

• The behaviour of the distribution moving from 35◦ to 25◦ becomes more sym-

metric. This can be considered as a n additional signature of the evolution of

reaction from quasi-elastic to the more complex deep-inelastic regime.

• According to the GRAZING the proton stripping path is more favoured than

the pick-up one. This behaviour is confirmed by the measurements at both

angles.

• The GRAZING did not reproduce the (-7p), (-8p), (+5p) and (+6p) channels

which were identified experimentally with quite small cross sections.
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It is very suitable to make comparison between our 208Pb+118Sn reaction and the

previously studied 197Au+130Te [18] reaction since the projectile-target combinations

in these reactions have a similar mass asymmetry conditions. Therefore, the main

parameter that defines the reaction is the bombarding energy. One can note that

in our case the data are much more underpredicted by theory than the case of
197Au+130Te. This is most likely due to the fact that in case of the 197Au+130Te

one used lower bombarding energy (close to the barrier) than in our case (above

the barrier) so there are less deep-inelastic components contributing to the reaction.

Referring to Figure 4.1, one can then expect that at even lower bombarding energies

in our reaction, which correspond to larger distances of closest approach, one could

have much less deep-inelastic components (and much more dominant quasi-elastic

components) which would provide the best condition to study the nucleon-nucleon

correlations.

6.1. The light partner

Besides the neutron stripping channels, also the proton pick-up ones are leading
to the primary neutron-rich heavy partners. In this context, we extracted the mass-
integrated cross sections for each element via a multigaussian fit of the distribution
shown in Figure 4.14, and compared them with the GRAZING calculations. The
absolute normalization has been kept the same as for (-1n) channel (129Te). The results
are shown in Figure 6.4.
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Figure 6.4.: Comparison between experimental data (points) and GRAZING calcula-
tions (histogram) for mass-integrated proton transfer channels. The errors
in the plot are only statistical and do not exceed the points size.

We showed in Figure 4.21 that the proton stripping path should be favoured with
respect to the pick-up one according to optimum Q-value considerations, and this is
confirmed by the trend of the GRAZING calculations of Figure 6.4. Experimental data
have instead an opposite trend. The proton stripping side behave similarly to what al-
ready observed in previously studied systems, i.e. a modest theoretical underprediction
for the (-2p) channel with growing di↵erences showing up as more protons are stripped.
The (-1p) channel is instead very well reproduced by the calculations, a remarkable re-
sult. On the pick-up side the theoretical underpredictions are already present for the
(+1p) channels, becoming more pronounced as more protons are added. This is likely
due to the fact that proton transfer channels usually involve larger DIC components
compared to neutron transfer ones, and these may not be fully taken into account by
GRAZING, as discussed in Section 1.2.3 and 1.2.2 in connection with Eq. 1.8. Sim-
ilar results have been also emphasized in the very few systems studied so far where
proton pick-up channels have been identified in high resolution measurements, e.g. in
the 136Xe+198Pt[66] and 40Ar+208Pb [23] cases. We stress that proton transfer pro-
cesses are much less understood than the neutron transfer ones. This is due to the
scarce availability of experimental data and to the less studied single particle level den-
sity and corresponding form factors, in particular when the treatment of the reaction
process involves large modifications of the trajectories of entrance and exit channels.

101

7.2. Comparison with theoretical predictions for 40Ar + 208Pb

well Q-value matched so that the reaction is dominated by the ground-to-ground state

transition.

7.2 Comparison with theoretical predictions for 40Ar

+ 208Pb
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Figure 7.7: Total cross section (black symbols) and cross section of QE component (red symbols)
for the pure proton and neutron transfer channels.

Now we will look how these findings apply to the 40Ar+208Pb system. Comparison of

the total experimental cross sections for the pure neutron and proton transfer channels

with the GRAZING calculations is shown in Fig. 7.7. Angle and TKEL integrated total

cross sections are shown with black points, while the cross sections integrated over low

TKEL part (QE component) are shown with red points (as explained in Section 5.3).

The behaviour of the neutron pick-up side indicates that neutrons are transferred

independently and for each transfer step the cross section drops by a factor ∼6. Theory

well reproduces the data, especially the QE cross section. In particular, the (±1n) and

(±1p) channels are well reproduced by the GRAZING calculations. However, the pure

proton stripping cross sections behave differently from neutron ones, since the population

of the (−2p) channel is only 2 times lower than the (−1p) channel. The GRAZING

calculations clearly underestimate the corresponding cross sections for (−2p) channel,

suggesting that processes involving the transfer of correlated proton pairs in addition to

the successive transfer of independent protons may contribute, which is consistent with

117

Figure 5.2: Right: The experimental (points) and the GRAZING (histogram)

cross sections for mass integrated proton transfer channels of the re-

action 197Au+130Te at Elab = 1.07 GeV [18].

Left: The total experimental cross sections (black points) and cross

section of the quasi-elastic component (red points) for the pure proton

transfer channels compared with the GRAZING calculations for the

reaction 40Ar+208Pb at Elab = 260 MeV [19].

Thus, it would be very interesting and challenging to perform a future complete

analysis of the reaction, in terms of both nuclear charge and mass distributions at all

measured energies and in particular at the lowest ones where important information

on nucleon-nucleon correlations could be extracted.
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Chapter 6

Summary and outlook

In this thesis multinucleon transfer reactions were studied in the 206Pb+118Sn system

in inverse kinematics, with the aim to the investigate the nucleon-nucleon correla-

tions in the nuclear medium. The measurement of the transfer products was per-

formed using the full performance of large acceptance PRISMA spectrometer which

provides high resolution and efficiency allowing to extract the total cross sections of

the various reaction channels.

The full analysis of this experiment would allow to study the evolution of the

transfer probability as a function of the distance of closest approach for one and two

neutron transfers, which was measured by varying the beam energy from above to

well below the Coulomb barrier (Elab=1200, 1090 and 1035 MeV) and the detection

angle of the Sn-like transfer products (θlab=25◦ and 35◦). The behavior of the

transfer probabilities could provide information on the effect of the nucleon-nucleon

correlations in the evolution of the reaction in the presence of high Coulomb field.

For a proper comparison with already studied systems, the present system fulfills

the requirements to be well Q-value matched for neutron transfer channels and to

be detected with sufficient precision in A, Z and Q-value.

Among the used three bombarding energies the highest one corresponds to the

highest kinetic energies of the reaction fragments and highest cross section of the

transfer products, in particular for the proton transfer channels, with the best Z

resolution in the IC. Therefore, this thesis was devoted to the identification of the

nuclear charges of the Sn-like transfer products measured at the highest bombarding

energy at both angles.

By means of a calibration procedure of all the detectors and the software tools

used for the analysis of PRISMA data it was possible to extract the events related

to the nuclear charges of the Sn-like fragments. Although the region of interest was
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overwhelmed by the strong component coming from the elastically scattered Sn ions

and was affected by the presence of the Pb-like ions which made the Z identification

more difficult, after a sophisticated analysis procedure a Z resolution of about ∆

Z/Z ∼ 1/68 was achieved. This allowed to extract the absolute yields of the mass-

integrated proton transfer channels from (-7p) to (+6p) and from (-8p) to (+5p) for

the measurements at 25◦ and 35◦, respectively.

The extracted experimental yields were compared with the GRAZING model

which has been successful in describing transfer reactions with lighter systems. The

model well reproduces the (+1p) mass-integrated proton transfer channel. Moreover,

the prediction that the proton stripping path is more favoured than the pick-up one

was confirmed by the measurements at both angles. It was observed that our data are

much more underestimated by the model than in the case of the previously studied
197Au+130Te [18] heavy system, having similar mass asymmetry conditions. The

most likely explanation of this behavior is the use of higher bombarding energy in

our case generating a much stronger contribution of the deep-inelastic components.

In this way, it is expected that at lower bombarding energies, corresponding to

larger distances of closest approach, the deep-inelastic components will be strongly

reduced with a growth of the quasi-elastic ones providing the best condition for the

nucleon-nucleon correlation studies.

To extract information on these nucleon-nucleon correlations one needs to dis-

tinguish pure proton and pure neutron transfer channels. Therefore, a complete

identification of the transfer reaction products at all measured energies, and in

particular at the lowest ones, becomes mandatory. In this context, the analysis

procedure carried out in this thesis serves as a solid basis for future work.
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