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Doctor of Philosophy

A fast ionization chamber for the detection of fusion-evaporation residues
produced by the exotic beams of SPES: design, tests and first experiments

by Giulia COLUCCI

This thesis work is divided in two parts: (i) designing and constructing a new
ionization chamber with fast response (FastIC) for the study of near- and sub-barrier
fusion of exotic systems using the very neutron-rich beams of the SPES facility in
construction at the Laboratori Nazionali di Legnaro (LNL) of INFN, and (ii) carrying
out, analyzing and interpreting the results of the sub-barrier fusion experiment for
the two systems 36S + 50Ti,51V, performed using the FastIC.

A new set-up for fusion cross-section measurements, especially designed for the
low-intensity beams delivered by the SPES facility, has been developed at the LNL.
This new set-up includes a fast IC designed to withstand a high counting rate parti-
cle identification for fusion studies involving exotic beams up to 105 pps. The read-
out of the FastIC was optimised and extensive tests using stable heavy-ion beams
demonstrated its ability to operate up to rates of ∼140 kHz, compared to few kHz
of the previous IC chamber. This feature and the much larger solid angle coverage
will allow to detect fusion-evaporation residues with an efficiency close to 100%.

The new FastIC has been employed for the experimental study of sub-barrier
fusion in the 36S + 50Ti, 51V systems. The possible effect of the non-zero spin of 51V
ground state on the sub-barrier excitation function and on the shape of the barrier
distribution has been investigated. The two excitation functions have been mea-
sured down to cross sections ∼20 µb, and it appears that they are very similar to each
other. A coupled channels analysis has been performed in order to highlight differ-
ences between the two systems, and a modified coupled-channels code was used
in order to treat the odd nucleus 51V. The experimental excitation functions and the
extracted barrier distributions have been compared to the theoretical predictions.
This comparison suggests a small difference between the two systems above the
barrier, that might be experimentally observed by measuring the backward-angle
quasi-elastic scattering in that energy region.
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Chapter 1

Introduction

1.1 Fusion reactions in the near- and sub-barrier region

The increasing interest in heavy-ion fusion begins with the possibility to extend the
periodic table beyond the elements synthesized using neutrons and light charged
particles.

The ion-ion potential consists of a repulsive Coulomb term and a short-ranged
attractive nuclear component. The Coulomb barrier arises from the balance of these
two opposite forces, so that at energies lower than the barrier, quantum tunneling is
the process leading to compound nucleus formation. In the simplest approach, the
distance between the centers of mass of two interacting nuclei represents the only
degree of freedom.

Thanks to the firsts Tandem electrostatic accelerators, medium-mass heavy-ion
beams have been produced with sufficient energy to overcome the Coulomb barrier
in collisions with targets of nearly all elements. Consequently, much interest has
been devoted since then to the study of reaction dynamics with such heavy beams.

At energies above the barrier, fusion accounts for a large part of the reaction cross
section, so that a comprehensive study of this type of reactions became essential in
nuclear physics. Early theoretical descriptions of fusion were quite simple, never-
theless they clarified the overall dependence of the cross sections on beam energy,
system size, and the range of angular momenta involved.

Fusion excitations of light heavy-ion systems essentially follow the predictions
of the Wong formula [1] based on the quantum penetration of the barrier. On the
contrary , experimental and theoretical studies on near- and sub-barrier heavy-ion
fusion pointed out inconsistencies. Experiments showed up a large enhancement
of cross sections with respect to the simple predictions of the Wong formula and
highlighted strong isotopic dependences [2].

It was soon realized [3, 4, 5] that the enhancement is related to the low-lying col-
lective structure of the two colliding nuclei. The coupled channels (CC) model was
subsequently developed [3] in order to address the effects of the couplings between
the relative motion and nuclear intrinsic degrees of freedom and to reproduce the
experimental evidences.

An important consequence of channel coupling was to introduce a distribution
of fusion barriers, where the fusion cross section is given by a weighted sum of the
fusion cross sections for each barrier. On the basis of this idea, Rowley et al. [6] pro-
posed a simple and elegant mathematical transformation to extract the distribution
of barriers directly from precise fusion cross section measurements. The extracted
fusion barrier distributions provided a much clearer way of understanding the ef-
fects of channel couplings on the fusion process than the fusion excitation functions
themselves.
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The development of new instrumentation and methods allowed the extension
of measurements to deep sub-barrier energies, revealing an unanticipated drop in
the cross sections that could not be explained by the coupled-channels theory with
standard ion-ion potentials. This phenomenon, named “hindrance” [7], opened a
new area of research and is still a matter of debate.

1.2 The experimental approach

Experimentally, fusion can be recognised in terms of the nuclei formed in the re-
action or of the products of their following decay, since these are the measurable
quantities. For light nuclei, the compound nucleus (CN) decays by light particles
evaporation, leaving an evaporation residue (ER). The direct or indirect detection
of ER is therefore a clear-cut experimental evidence that fusion has occurred. In
heavy systems where fission can compete with particle evaporation, the fission de-
cay branch must also be measured in order to obtain the total fusion cross section.

When the CN decays only by particles evaporation, the fusion cross sections can
be determined by direct detection of the ER or by detecting the radiation emitted in
their deexcitation.

The measurement of the ER implies the separation in space, and often in time,
from the beam particles. Detection of alpha-particle decay has been successfully
used in the determination of fusion cross section for reactions where alpha decay is
the dominant or exclusive ER decay mode. Measurements of gamma rays, delayed
X rays and evaporated neutrons have also been used to obtain fusion cross sections,
despite high precision measurements result more difficult because of the uncertain-
ties in feeding of the decaying states, in branching ratios, and in absolute detection
efficiency.

In the direct detection methods, the ER, which are forward peaked, must be
physically separated from the direct beam and the intense flux of elastically scat-
tered beam particles. By using the different electrical rigidity of ER with respect to
beam particles, their separation can be achieved by applying an electrostatic field
perpendicular to the direction of the particles and placed between the target and
the detection system. Such an electrostatic beam deflector has been used at the Na-
tional Laboratories of Legnaro (LNL) in experiments on heavy-ion fusion, where an
energy, loss of energy and time-of-flight telescope, based on micro-channel plates,
ionization chamber and Silicon surface barrier detectors, detects and identifies the
ER.

1.3 New perspectives with radioactive beams

The availability of accelerated beams of unstable nuclei introduced the possibility
to extend studies of sub-barrier fusion to systems with large excess of neutrons or
protons. Such studies will lead to a better understanding of the role that neutron ex-
cess plays in enhancing sub-barrier fusion and may constitute the way to synthesize
heavier nuclei by using neutron-rich radioactive nuclei. However this aim is very
challenging. The intensities of radioactive beams decrease farther from stability, and
often the beams are contaminated by mixtures of nuclides, according to the facility
and production technologies. Therefore, experiments have to employ methods to
mitigate the effects of beam impurity and low beam intensity.

In the case of the detection of ER and beam-like heavy recoils at far forward
angles, the measurements with radioactive beams are critical, in particular in the
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inverse kinematics reactions. The high contamination of the radioactive heavy ion
beams by other elements having similar energies and masses requires detection sys-
tems able to distinguish the beam particles from unwanted constituents. Further-
more, in some studies it is very important to design detectors that avoid unneces-
sary energy straggling and angular dispersion. Under these conditions, the detec-
tion system should exhibit an efficiency close to 100% and assure a fast response
time to avoid limitations of the intensity of the beam in the experiments. Gas-filled
ionization chambers are well suited for these applications, since they have moder-
ately good energy resolution and can withstand prolonged exposure to high beam
intensities without damage, in contrast to fragile semiconductor detectors.

A new set-up for fusion cross section measurements, especially designed for the
low intensity beams which will be delivered by the SPES facility, has been developed
and is being installed at LNL. The set-up is characterized by a significant improve-
ment with respect to the electrostatic deflector previously in use thanks to a very fast
ionization chamber (IC), which ensures a high counting rate particle identification
for fusion studies involving exotic beams (up to ∼105 pps).

The project of this PhD thesis has been to develop and test this Fast Ionization
Chamber and to perform the sub-barrier fusion measurement of the two systems
36S + 50Ti, 51V, where the Fast IC was used for the first time.

This thesis is organized as follows. Chapter 2 provides a complete description
of the coupled-channels model. The concept of fusion barrier distributions and how
it can be extracted from the data is illustrated, with a brief introduction to the hin-
drance phenomena. Chapter 3 briefly outlines the extra-features of heavy-ion fusion
evidenced by means of exotic beams, with a special emphasis on the new facility
SPES in construction at LNL and on the low intensity radioactive beams which will
be used in the future. In Chapter 4 the electrostatic deflector of LNL for near and
sub-barrier fusion reactions is presented, as well as its planned upgrade for the SPES
beams. The Fast Ionization Chamber is introduced with its fundamental features
and the way how to build a IC with fast response. Chapter 5 reports on the several
tests with stable beams performed to optimize the performance of the new detector.
The fast ionization chamber was employed in one full experiment with stable beams,
whose results are reported in Chapter 6. In this experiment the sub-barrier fusion
of the two systems 36S + 50Ti, 51V was measured in order to investigate the possible
effect of the non-zero spin of the ground state of 51V on sub-barrier excitation func-
tion, and in particular on the shape of the barrier distribution. Concluding remarks
are given in Chapter 7, which summarizes the subjects covered by this thesis.
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Chapter 2

Fusion reactions near and below
the Coulomb barrier

One of the fundamental processes in quantum mechanics is quantum tunnelling,
which occurs when a particle penetrates a classically forbidden region. It is a wave
phenomenon and is frequently encountered in various processes in chemistry and
physics. In many applications of quantum tunnelling, the penetration of a one-
dimensional potential barrier, or a single variable dependent barrier, is required.
In general a barrier of this type neglects the interactions of the particle with its sur-
roundings or environment, which results in the modification of its behaviour. In ad-
dition, in the case of composite particles, the quantum tunnelling has to be treated
through a many-particle approach. Under these conditions, the quantum tunnelling
process takes place in a multidimensional space. In a complex system, the tunnelling
variable couples to a large number of degrees of freedom and in most cases these de-
grees of freedom reveal a dissipative character.

In nuclear physics, a typical process where the tunnelling phenomena occurs is
the heavy-ion fusion reaction at energies near and below the Coulomb barrier. The
fusion is a process where two separate nuclei combine together and generate a com-
pound nucleus. Classically, this process takes place when the energy of the relative
motion between the two interacting nuclei overcomes the Coulomb barrier, which is
produced by the long range repulsive Coulomb force and the short range attractive
strong nuclear force. In these conditions, the coupling to external environments can
be neglected since the atomic nuclei can be assumed as isolated systems. On the
contrary, the coupling to the intrinsic degrees of freedom are not negligible. During
fusion reactions, the excited states of both projectile and target are populated in a
complex way and their relative motion couples to them. This coupling to the intrin-
sic degree of freedom of the colliding nuclei results in an enhancement of the fusion
cross section at energies below the Coulomb barrier.

The standard method used to calculate the effects of such couplings on fusion
reactions is to numerically solve the coupled-channels equations, which include all
the relevant channels.

In this chapter, the theoretical aspects of heavy-ion sub-barrier reactions from
the viewpoint of quantum tunnelling of composite particles are discussed. With this
aim the coupled-channels formalism is introduced and is followed by a discussion
on the fusion barrier distribution representation and on the present status of our
understanding of deep sub-barrier fusion reactions.
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2.1 One-dimensional potential model

2.1.1 The ion-ion potential

The simplest approach to the heavy-ion fusion reactions is within a one-dimensional
potential model in which the projectile and target nuclei are treated as being struc-
tureless. Under this condition, the potential is a function of only the relative distance
r between the colliding nuclei and it consists of two parts: the nuclear potential VN(r)
and the Coulomb potential VC(r) :

V(r) = VN(r) + VC(r) (2.1)

The Coulomb potential is expressed as the electrostatic potential between two
point-like charged particles placed at a distance r:

VC(r) =
e2

4πϵ0

ZpZt

r
(2.2)

where Zp and Zt are the projectile and target atomic number, respectively. This ex-
pression neglects the structure of the nuclei and is valid in the region where the
projectile and target do not significantly overlap with each other (r ≥ rt + rp , where
rp and rt are the projectile and target nuclear radii, respectively). As an alternative
option, the projectile nucleus can be assumed point-like charge whereas the target
nucleus is treated as a sphere with a uniform charge Zt and a radius RC. In this case
the Coulomb potential is given as:

V(r) =
e2

4πϵ0
ZpZt

{ 1
r r > RC

1
2RC

(3 − r2

R2
C
) r < RC

(2.3)

Because of the dependence on the atomic numbers, the importance of the Coulomb
potential increases in reactions involving heavy nuclei.

A typical potential V(r) for the s-wave scattering of 16O + 144Sm reaction [8] is
shown in Fig. 2.1. Classically, the Coulomb barrier has to be overcome for the fusion
reaction to occur. In Fig. 2.1 the distance at which the colliding nuclei begin to
overlap significantly is defined as the touching radius Rtouch and the Coulomb barrier
is placed outside this radius.

The nuclear potential is a crucial component of the total potential, in particular
in the coupled-channels approach. As a matter of fact, it establishes not only the
height of the Coulomb barrier but also the nuclear couplings to the excited states of
the interacting nuclei. There are several ways to estimate this potential. The ion-ion
potential that has been widely used is the phenomenological Woods-Saxon potential:

VN(r) = − V0

1 + exp[(r − R0)/a0]
(2.4)

where R0 is the radius, V0 is the depth and a0 is the diffuseness of the potential. A
standard set of parameters that are consistent with the analysis of elastic scattering
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FIGURE 2.1: Internucleus potential for the 16O + 144Sm reaction [8].
The dotted and dashed lines represent the Coulomb and nuclear po-
tentials, respectively. The solid line denotes the total potential. The
height Vb and position Rb of the Coulomb barrier are shown. The
projectile and target nuclei start overlapping significantly with each

other at the touching radius Rtouch.

data [9, 10] is the following:

V0 = 16πγao
RpRt

Rp+Rt

R0 = Rp + Rt

a0 = 1
1.17[1+0.53(A−1/3

p +A−1/3
t )]

Ri = (1.2A1/3
i − 0.09) f m i = t, p

γ = 0.95(1 − 1.8(Ap − 2Zp)(At − 2Zt)/(Ap/At))

(2.5)

This empirical potential is sometimes referred to as Akyuz-Winther potential and
is a smooth function of the mass numbers of the reacting nuclei. The nuclear poten-
tial constructed in this way has been successful in reproducing experimental angular
distributions of elastic and inelastic scattering for many systems [9]. The empirical
value of the surface diffuseness parameter, a ∼0.63 fm, is consistent also with the
double-folding potential, which will be shortly introduced. Recently it has been re-
alised that the Akyuz-Winther parametrization of the ion-ion potential is unrealistic
for overlapping nuclei and provides a poor description of the fusion data at extreme
sub-barrier energies. For some systems, the potential fitting elastic and inelastic scat-
tering data overestimates fusion cross sections at energies both above and below the
Coulomb barrier. The reason is that heavy-ion scattering is a process which involves
the surface of the nucleus, while fusion implies a stronger overlap of the interacting
nuclei [8].

A way to overcome this problem is to use a double-folding potential and adjust
it for overlapping nuclei so that it provides a better description at very low energies.
Such a potential is given by

V(r) =
∫

dr1

∫
dr2ρP(r1)ρT(r2)vNN(r2 − r1 − r) (2.6)
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FIGURE 2.2: Comparison of the Woods-Saxon potential (dotted line)
with the M3Y potential without (dashed curve) and with (solid line)
repulsive term, for the 48Ca + 48Ca system [13]. The horizontal bar

indicates the ground state of the compound nucleus 96Zn.

where vNN is the effective nucleon-nucleon interaction, and ρP and ρT are the den-
sity of the projectile and target, respectively.
An interaction that is often used is the Michigan-3-Yukawa-Reid (M3Y) interaction
[11, 12], which turns to be quite reliable in reproducing the height of the Coulomb
barrier. The double-folding potential produced by the M3Y interaction is in good
agreement with the phenomenological Akyuz-Winther potential in reproducing the
situation in the region outside the barrier where the elastic scattering is the prevalent
channel. On the contrary, the potential constructed in this way is unrealistic for the
sub-barrier energy region where the overlapping of the nuclei occurs. This is due to
the fact that in this energy region the M3Y interaction provides a potential which re-
sults much deeper than the ground-state energy of the compound nucleus, as shown
in Fig. 2.2. To correct for this deficiency, the ion-ion potential should also contain a
repulsive core, that was suggested to originate from the incompressibility of nuclear
matter, and which is introduced by supplementing the M3Y with a repulsive term:

vrep
NN(r) = v0δ(r) (2.7)

The repulsive potential is thus obtained by replacing this constant term as an in-
teraction in the double-folding potential Eq. 2.6. The amplitude v0 is calibrated to
reproduce a reasonable incompressibility of the overlapping nuclei, while the diffu-
sivity is modified in order to obtain the best agreement between the fusion data and
the results of coupled channels calculations. An example of the entrance channel
potential for the fusion reaction of the symmetric system 48Ca + 48Ca [13] is shown
in the Fig. 2.2. The excessive depth of the M3Y interaction is reduced following
the introduction of the repulsive core. The behaviour of the ion-ion potential in the
nuclear overlapping region is of crucial importance in the understanding the fusion
hindrance phenomenon, which discussion is carried on in section 2.4.

The fusion of two spherical colliding nuclei can be described by using a three-
dimensional Schrödinger equation, as follows:[

− h̄2

2µ
∆ + V(r)− E

]
Φ(r) = 0 (2.8)
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where µ is the reduced mass of the system and V(r) the total potential. When both
the projectile and target are assumed structureless, the total potential coincides with
the one given by the Eq. 2.1. The solution of the equation can be expanded in terms
of spherical harmonics, where the radial part obeys the following equation:(

− h̄2

2µ

d2

dr2 +
l(l + 1)h̄2

2µr2 + V(r)− E
)

ul(r) = 0 (2.9)

In the last equation the centrifugal repulsive potential appears.

2.1.2 The Coulomb barrier and the compound nucleus

The presence of a pocket in the nucleus-nucleus potential allows the use of a con-
ceptually simple fusion criterion where the capture and subsequent fusion of the
system takes place if it "enters" in the pocket. This hypothesis is valid for kinetic en-
ergies that are not significantly higher than the fusion barrier, since for high energies
higher angular momenta may contribute to the fusion process and the depth of the
potential pocket decreases until it disappears above a critical value lcrit [14].

lcrit = R0

√
2µ

h̄2 (E − B) (2.10)

This value is derived from the conservation of angular momentum and depends on
the energy E, the height of the barrier B and its position R0.

For values lower than lcrit, dissipative forces reduce the initial orbital angular
momentum and consequently the centrifugal potential of the system. Under these
conditions the system is captured inside the pocket and can then evolve towards the
formation of a compound nucleus. On the contrary, if the orbital angular momentum
is higher than the critical value lcrit, the capture does not take place and the two
colliding ions separate after a period of contact in which energy dissipation and
exchange of nucleons occur.

Following the fusion of the two colliding nuclei, the compound nucleus is pro-
duced usually at high excitation energy and tends to decay according to two main
schemes: evaporation of light particles and/or fission.

During the evaporation light particles (such as neutrons, protons and alpha par-
ticles) are emitted. The remaining nucleus is referred as evaporation residue and ex-
hibits slightly lower mass than the compound nucleus.

On the other hand, when fission occurs, the compound nucleus brakes into two
fragments of comparable mass. The excitation energy is transferred not only to the
relative motion of the fission products but also to the internal degrees of freedom of
each of them. The fission process is typical of heavy nuclei. It is due to the com-
petition between the repulsive force of protons which induce strong deformations
and the surface effects that tend to re-establish a spherical shape [15]. These forces,
working the opposite ways, are related through the fissility parameter

x =
EC

2ES
∼ Z2

50A
(2.11)

where EC and ES are the Coulomb and surface energy, respectively [15]. The fissility
parameter is higher for havier systems (for example, the fissility for the 36S + 50Ti
system, which will be shown in Chapter 6, is of about ∼0.008 while for 58Ni + 208Pb
is of the order of ∼0.012). Nuclei with very high Z drift to fission.
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2.1.3 Fusion cross section

The one-dimensional potential model is the simplest barrier penetration model since
the only variable is the relative motion of the two colliding nuclei. The barrier has
a height proportional to the product of the charges of the two nuclei. Under these
conditions, a greater overlap of the densities of the interacting nuclei is needed when
systems with a high Z are involved in the reaction. Once the overlap is significant,
the nucleon-nucleon interaction becomes dominant and leads to a substantial loss of
kinetic energy and angular momentum of the relative motion, so that the nuclei can
not escape from the potential pocket and fusion occurs.

In this model, the interaction is therefore closely linked to the probability that
the system with angular momentum l will cross the barrier overcoming the total
potential. Neglecting the spin, this probability is expressed by the transmission co-
efficient Tl(E) relative to the energy E and the partial wave l. The cross section is
proportional to the transmission coefficient through the multipolar components of
the interaction

σl(E) = πň2(2l + 1)Tl(E) (2.12)

where ň is is the reduced de Broglie wavelength of the relative motion. The total
cross section is obtained by the sum on the partial waves:

σ(E) =
∞

∑
l=0

πň2(2l + 1)Tl(E) (2.13)

Not all partial waves take part in the fusion process, since above the critical value
lcrit (Eq. 2.10) fusion does not occur. The fusion cross section is therefore smaller than
the total one and can be expressed as:

σ f us(E) =
∞

∑
l=0

πň2(2l + 1)Tl(E)P f us
l (E) (2.14)

P f us
l (E) represents the probability that the lth-partial wave overcomes the Coulomb

barrier and leads to fusion. According to this definition, it can be expressed as:

P f us
l (E) =

{
0 l > lcrit
1 l < lcrit

(2.15)

Under this condition, the fusion cross section becomes:

σ f us(E) =
lcrit

∑
l=0

πň2(2l + 1)Tl(E) (2.16)

The transmission coefficient is derived from the solution of the Schrödinger equa-
tion, Eq. 2.35. Another way to obtain the transmission coefficient and the follow-
ing fusion cross section is using the Hill-Wheeler [16] approximation, where the
Coulomb barrier is approximated by a parabola:

Vl(r) ∼ Vbl −
1
2

µΩ2
l (r − Rbl)

2 (2.17)

where Vbl is the barrier height, Ωl is the curvature relative the lth wave and Rbl
indicates the position of the barrier. Within this approximation, the corresponding
transmission coefficient is evaluated analytically [16] as:
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Tl(E) =
1

1 + exp[ 2π
h̄Ωl

(Vbl − E)]
(2.18)

where the curvature is defined as:

h̄Ωl =

√− h̄2

µ

δ2Vl(r)
δr2

⏐⏐⏐⏐
r=Rbl

(2.19)

By replacing the transmission coefficient in Eq. 2.16, the fusion cross section is ex-
pressed as follow:

σ f us(E) =
lcrit

∑
l=0

πň2 2l + 1
1 + exp[− 2π

h̄Ωl
(E − Vbl)]

(2.20)

A simpler expression is obtainable by assuming that both the curvature and the
position of the Coulomb barrier are independent of the angular momentum l. This
condition allows to approximate these values to the ones for the s-wave (l=0).{

Rbl ≃ Rb0
h̄Ωl ≃ h̄Ω0

(2.21)

The height of the barrier relative to the lth wave is therefore:

Vbl = Vb0 +
h̄2

2µ

l(l + 1)
R2

b0
(2.22)

Under these conditions, the dependence of the transmission coefficient on the
angular momentum can be well approximated by shifting the incident energy by a
rotational term:

Tl(E) = T0

(
E − h̄2

2µ

l(l + 1)
R2

b0

)
(2.23)

If many partial waves contribute to the fusion cross section, the sum in Eq. 2.13
may be replaced by the integral form:

σf us(E) = πň2
∫ ∞

0
dl(2l + 1)Tl(E) (2.24)

Changing the variable from l to l(l + 1), the integral can be explicitly evaluated,
leading to the Wong formula [1]:

σ f us(E) =
h̄Ω0Rb0

2E
ln
{

1 + exp
[

2π

h̄Ω0
(E − Vb0)

]}
(2.25)

In the high and low energy limits the cross section can be approximated by the
expressions:

σ f us(E) =
{ πR2

b0

(
1 − Vb0

E

)
E ≫ Vb0

h̄Ω0Rb0
2E exp

[ 2π
h̄Ω0

(E − Vb0)
]

E ≪ Vb0

(2.26)

At energies below the Coulomb barrier the cross section depends exponentially
on the difference (E − Vb0). Another observation is that, in the high energies range,
the expression coincides with the cross section predicted by the classical theory 2.12,
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assuming Tl = 0 for l > lmax, and Tl = 1 for l < lmax. Under this approximation the fu-
sion cross section is

σ(E) =
lmax

∑
l=0

πň2(2l + 1) ≃ πň2l2
crit (2.27)

By replacing the lcrit value given by Eq. 2.10, the cross section in the high energy limit
of Eq. 2.26 is obtained.

2.1.4 Comparison with experimental data

The single barrier penetration model has achieved great success in the description
of fusion cross section in light systems. On the contrary, it underestimates the sub-
barrier fusion for heavier systems, although it reproduces the experimental data
above the Coulomb barrier. This suggested that other degrees of freedom take part
in the fusion process besides the relative motion of the two nuclei.

The study of the 16O + 144,148,154Sm [17] reactions provided an evidence of the
influence of the nuclear structure on sub-barrier fusion. As shown in Fig. 2.3 (left
panel), the fusion cross sections for the different systems match each other at en-
ergies above the Coulomb barrier. On the contrary, at lower energies all excitation
functions are strongly enhanced with respect to the one-dimensional barrier pene-
tration ("no coupling") calculation, and the more deformed Sm isotopes have larger
cross sections below the barrier.

On the other hand, the comparison of the three 58Ni + 58Ni, 58Ni + 64Ni and 64Ni +
64Ni systems [18] showed, in addition to the excitation function enhancement, a
more gradual decrease of the excitation function for 58Ni + 64Ni with respect to the
other two systems (see Fig. 2.3 right panel). This trend was associated with the avail-
ability of positive Q-value neutron transfer channels for 58Ni + 64Ni, unlike for the
other two systems. This evidence led to the hypothesis that specific reaction chan-
nels may influence the fusion process.

The inadequacy of the one-dimensional model has been demonstrated in a more
transparent way by Balantekin et al [19]. They extracted an effective potential from
the experimental data. The resulting potential was largely unphysical for heavy sys-
tems. This allowed to associate the fusion enhancement not to an incorrect shape of
the potential, but rather to the inadequacy of considering spherical and inert nuclei,
only interacting through a one-dimensional effective potential.

From these results and from those obtained in subsequent studies the enhance-
ment was therefore attributed i) to the existence of collective excitation modes (sur-
face modes) in the interacting nuclei of vibrational and/or rotational nature, and ii)
to transfer processes that may take place during the collision.

There are many other modes of excitation in addition to the low-lying collec-
tive excitations. Non-collective excitations couple only weakly to the ground state
and usually they do not significantly affect heavy-ion fusion reactions, even if the
number of non-collective states is large [20, 21]. On the other hand, couplings to
giant resonances are relatively strong because of their collective character. However,
since their excitation energies are high [22], their effects are included in the choice of
ion-ion potential which is renormalized by those high energy excitations [23, 24].

The effects of the nuclear structure can be taken into account in a more quantita-
tive way using the coupled-channels model.
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FIGURE 2.3: On the left, the excitation function of 16O on Sm isotopes
[17], where a marked increase of the cross section with increasing
mass and isotope deformation is observed. On the right, the exci-
tation functions of 58Ni + 58Ni, 58Ni + 64Ni and 64Ni + 64Ni [18], where
the influence of the transfer channels on the fusion process is high-
lighted. The dashed curves correspond to the excitation function in

the one-dimensional barrier model [25].

2.2 Coupled-channels formalism for heavy-ion fusion reac-
tions

2.2.1 Coupling matrix

In order to formulate the coupled-channels model, it is necessary to consider a col-
lision between two nuclei in the presence of coupling of the relative motion to a
nuclear intrinsic motion ξ. The Hamiltonian is written as

H(r, ξ) = H0(ξ) + T(r) + V(r) + Vcpl(r, ξ) (2.28)

where H0(ξ) is the Hamiltonian describing the internal degrees of freedom, Vcpl(r , ξ)
is the coupling term, and T(r) + V(r) is the one-dimensional Hamiltonian.
The stationary Schrödinger equation obtained is therefore[

− h̄2

2µ

d2

dr2 +
l(l + 1)h̄2

2µr2 + V(r)− E
]

Ψ(r, ξ) = −
[

Ho(ξ) + Vcpl(r, ξ)

]
Ψ(r, ξ) (2.29)

Denoting the functions χj(ξ) as the eigenstates of the intrinsic Hamiltonian H0(ξ),
the corresponding eigenvalues ϵj indicate the energies of the intrinsic excitation
states. The ensemble of eigenstates constitutes a complete orthonormal system for
the Hilbert space, in which the solutions of Eq. 2.29 are defined. The function Ψ(r, ξ)
can be therefore expanded in the χj(ξ) eigenstates.

Ψ(r, ξ) = ∑
j

ϕj(r)χj(ξ) (2.30)

where ϕj(r) is the distorted wave of the relative motion of the j-th channel.
Using the Dirac formalism to express the eigenstate of the complete orthonormal
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base of the intrinsic Hamiltonian (so that H0|j >= ϵj|j >), the wave function be-
comes:

Ψ(r) = ∑
j

ϕj(r)|j > (2.31)

The equation 2.29 is therefore a set of coupled differential equations

∑
j

[
− h̄2

2µ

d2

dr2 +
lj(lj + 1)h̄2

2µr2 +V(r)−E
]

ϕj(r)|j >= −∑
j

[
Ho(ξ)+Vcpl(r, ξ)

]
ϕj(r)|j >

(2.32)
Taking advantage of the orthonormality of the base of the eigenstates |j >, it

is possible to apply the bra < i| to the previous equation and obtain a new set of
coupled equations which solutions are the wave functions ϕ(r) of the relative motion
of the two nuclei.[

− h̄2

2µ

d2

dr2 +
li(li + 1)h̄2

2µr2 + V(r)− E
]

ϕi(r) = −∑
j

Mijϕj(r) (2.33)

In the equation above, Mij are the coupling matrix elements among the eigen-
states related to internal energy

Mij = ϵiδij+ < i|Vcpl(r, ξ)|j > (2.34)

The matrix Mij is symmetric and in case it is diagonal it can be factored allowing
the decoupling of the solutions. In this perspective, some approximations have to be
adopted.

2.2.2 Approximations

The coupled channel model provides a system of differential equations where each
i-th channel denotes an intrinsic state. In particular, each equation associated with
the partial wave li has to be solved by considering all the coupling orders between
channels leading to the same total angular momentum of the system J.

The equations can be solved by numerical means, by using dedicated programs
such as CCFULL [26], or by decoupling them. One of the main problems is the num-
ber of channels that must be included to describe the reaction, which can be very
large, making the decoupling difficult and the numerical calculations long. There-
fore, approximations are used which reduce the number of channels and simplify
the calculations.

Incoming Wave Boundary Conditions

The internuclear potential V(r) is supplemented by an imaginary part iW(r), which
simulates the absorption in the fusion reaction channel. The Schrödinger equation
to be solved is therefore(

− h̄2

2µ

d2

dr2 +
l(l + 1)h̄2

2µr2 + V(r)− iW(r)− E
)

ul(r) = 0 (2.35)

In order to solve the equation for each partial wave l, typical scattering process
boundary conditions are applied:

ul(r) ∼ rl+1 r → 0 (2.36)
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ul(r) ∼=
i
2

[
H(+)

l (kr)− Sl H
(−)
l (kr)

]
r → ∞ (2.37)

where H(+)
l and H(−)

l are the outgoing and incoming Coulomb wave functions and
Sl is the nuclear S-matrix. The wave number associated with the energy E is k =√

2µE/h̄2.
If the imaginary part of the potential, iW(r), is confined well inside the Coulomb
barrier, the total absorption cross section can be regarded as the fusion cross sec-
tion [8]

σf us(E) ∼ σabs(E) =
π

k2 ∑
l

2(l + 1)(1 − |Sl |2) (2.38)

In heavy-ion fusion reactions, instead of imposing the regular boundary con-
dition, Eq. 2.36, the so called incoming wave boundary condition (IWBC) is often
applied without introducing the imaginary part of the potential, iW(r) [3]. IWBC
corresponds to the case where there is strong absorption within the inner region of
the potential, so that the incoming flux never returns back. Under this condition, the
wave function has the following form:

ul(r) =

√
k

kl(r)
Tlexp

[
− i

∫ rabs

r
kl(r′)dr′

]
r ≤ rabs (2.39)

where Tl is the transmission coefficient and rabs refers to the the absorption radius,
which is assumed to be inside the Coulomb barrier. Conventionally, rabs corresponds
to the position of the interaction potential minimum [26].The local wave number for
the energy of the l-th partial wave is:

kl(r) =

√
2µ

h̄2

(
E − V(r)− l(l + 1)h̄2

2µr2

)
(2.40)

The IWBC corresponds to the case where there is strong absorption in the inner
region so that the incoming flux never returns. For heavy-ion fusion reactions, the
final result is not sensitive to the choice of the absorption radius rabs. Equation 2.38
is then transformed to

σf us(E) =
π

k2 ∑
l

2(l + 1)Pl(E) (2.41)

where Pl(E) is the penetrability for the l-wave scattering, defined as

Pl(E) = 1 − |Sl |2 = |Tl |2 (2.42)

The IWBC is valid for reactions between heavy ions, where there is a strong absorp-
tion inside the Coulomb barrier.

Iso-centrifugal approximation

The iso-centrifugal approximation [26, 27] allows to reduce the number of incoming
channels and consequently the dimension of the coupling matrix to be solved.
In the coupled channel method, an excited state of internal spin I generates I + 1
channels when it is coupled to the angular momentum li of the relative motion,
since each orbital angular momentum of the type l′i = |li − I|, .., |li + I| satisfies the
condition J = I + li.
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The approximation reduces the number of channels by assuming that the orbital an-
gular momentum, or equivalently the centrifugal potential, is the same in all reaction
channels

h̄2

2µ

li(li + 1)
r2 ≈ h̄2

2µ

J(J + 1)
r2 (2.43)

Under this condition, the coupling of the spin I to the orbital angular momen-
tum l can be neglected and consequently only one effective channel for each excited
state (instead of I + 1) is taken into account.

The approximation is successfully applied in collisions between heavy ions, be-
cause of their large reduced mass and barrier radius, and in general in inelastic cou-
plings of various complexity, both rotational and vibrational.

Adiabatic approximation and constant coupling

Two other approximations allow to analytically reveal the univocal correspondence
between channels and barriers and, as the previous ones, simplify the decoupling of
the equations and their resolution.

The adiabatic approximation (or "sudden limit approximation”) [27] is based on
the assumption that the tunneling occurs much faster than the intrinsic motion, so
that the nuclear structure is not perturbed during the crossing of the Coulomb bar-
rier. The internal excitation energies can then be neglected with respect to the cou-
pling interaction. This condition is obtained by placing ϵi ≃ 0 in the Mij matrix.

Mij = ϵiδij+ < i|Vcpl(r, ξ)|j >≃< i|Vcpl(r, ξ)|j > (2.44)

However, its validity is verified only for strongly deformed nuclei [25].
Assuming that the reduced mass and the potential energy are the same for all the
channels, it is possible to factorize the coupling potential in two terms which depend
separately on the intrinsic and relative motions.

< i|Vcpl(r, ξ)|j >=< i|F(r)Γ(ξ)|j >= F(r)Γij (2.45)

The approximation of the constant coupling is based on the assumption that the
form factors of all channels have the same radial dependence as F(r). Under this
condition, by indicating with F(rb) the value at the barrier where the coupling is
stronger so that F(r) = F(rb), the following simplification is obtained[

− h̄2

2µ

d2

dr2 + V(r)− E
]

ϕi(r) = −∑
j

Mijϕj(r) = −F(rb)∑
i

Γijϕj(r) (2.46)

This further approximation, together with the previous ones, allows to diagonal-
ize the matrix through the use of a unitary transformation. By employing a unitary
matrix U independent of the relative distance r, the coupling matrix is diagonalized
with respect to a base of eigenfunctions χj(r), where λj are the associated eigenval-
ues.

χj(r) = ∑
i

Ujiϕi(r) ∑
mn

Uim MmnU†
nj = δijλj (2.47)

A system of decoupled second-order differential equations which satisfy the
IWBC boundary conditions is obtained:[

− h̄2

2µ

d2

dr2 + V(r) + λiF(r)− E
]

χi(r) = 0 (2.48)
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The problem has been therefore reduced to solving a set of decoupled equations,
each corresponding to a different inelastic channel i and to which a certain poten-
tial V(r) + λiF(r) is associated. By using these approximations, the coupled-channel
method replaces the single Coulomb barrier of the one-dimensional model with a
spectrum of barriers V(r) + λiF(r), to each of which a transmission coefficient is as-
signed Tl(E, V(r) + λiF(r)).
The total transmission coefficient is obtained as the weighted sum of the transmis-
sion coefficients of each barrier associated with the single reaction channels

Tl(E) = ∑
i
|Ui1|2Tl(E, V(r) + λiF(r)) (2.49)

The factor Wi = |Ui1|2 represents the contribution of the i-th barrier to the fusion
cross section and is obtained by the superposition of the incoming wave function and
the ones of the considered outgoing channels | < i|1 > |2. The fusion cross section
is therefore expressed as the weighted sum of the cross sections of each channel

σ f us(E) = ∑
i

Wiσ
f us
i (2.50)

where σ
f us
i corresponds to the expression of 2.16, employing the potential of the i-th

barrier V(r) + λiF(r).

σ
f us
i (E) = ∑

l
πň2(2l + 1)Tl(E, V(r) + λiF(r)) (2.51)

2.2.3 Example of two-channel coupling

As an example of the application of the model described above, a coupled system
with only two channels is considered. In particular, the coupling is between an elas-
tic channel and a negative Q-value channel, assuming a constant form factor F. The
decoupled equations for the present system are:{ [

− h̄2

2µ
d2

dr2 + V(r) + λ+F − E
]
χ+(r) = 0[

− h̄2

2µ
d2

dr2 + V(r) + λ−F − E
]
χ−(r) = 0

(2.52)

T(E)

V + !! V + !!V + !!V + !!

T(E)

FIGURE 2.4: Transmission coefficient as a function of the energy in
the classical (left panel) and quantum (right panel) approach to the
two-channels coupling. The no-coupling transmission coefficient in

the quantum treatment (blue line) is shown on the right.
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where λ± and χ±(r) are the eigenvalues and the eigenfunctions of the diagonalized
coupling matrix, respectively.
The coupling matrix for this system is

M =

(
0 F
F −Q

)
(2.53)

where − Q = ϵ is the intrinsic excitation energy of the state coupled to the elastic
channel. The eigenvalues and their weight factors are:

λ± =
−Q ±

√
Q2 + F2

2
W± =

F2

F2 + λ2
±

(2.54)

The results show that the single barrier is split into two barriers. One barrier is
higher than the single barrier V(r) by an amount λ+, the second one is lower by the
quantity λ−. Each barrier has a weight factor W+ and W−.
The transmission coefficient is therefore (classically):

T =

{ 0 E < Vb + λ−
W− Vb + λ− < E < Vb + λ+

1 E > Vb + λ+

(2.55)

and is shown in Fig. 2.4 (left). The range of energies for which the penetration of
barrier is allowed is extended with respect to the one-dimensional model.
The increase of the transition probability occurs both for positive and negative Q-
values with different weight factors. Indeed, for Q > 0, as shown by Eq. 2.54, the
greater weight is associated with the barrier Vb + λ+. On the contrary, in the case of
Q < 0 the lower barrier (Vb + λ−) takes the greater weight.

2.2.4 CCFULL code

The CCFULL code [26] calculates the fusion cross section and the angular momen-
tum of the compound nucleus, taking into account the effect of couplings between
the relative motion of the two interacting nuclei and intrinsic degrees of freedom on
fusion. The standard way to address the effects of these couplings is to numerically
solve the coupled-channel equations, including all the relevant channels.

The program CCFULL includes the couplings to full order, without introducing
the expansion of the coupling potential (no linear coupling approximation [26]). In
order to reduce the dimension of the coupled-channel equations, the program em-
ploys the isocentrifugal approximation. The code fully takes into account the finite
excitation energies of intrinsic motions, includes Coulomb excitations and uses the
IWBC inside the Coulomb barrier, adopting the minimum position of the Coulomb
pocket inside the barrier for rmin.

CCFULL directly integrates coupled second-order differential equations using
the modified Numerov method [26] and a barrier penetrability is calculated for each
partial wave.
The cross section and angular momentum of the compound nucleus are then ob-
tained for all partial waves

σ f us(E) = ∑J σj(E) = πλ2 ∑J(2J + 1)TJ(E)

< l >= ∑J JσJ/∑J σJ

(2.56)
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The employed nuclear potential follows a Woods-Saxon parameterization, while
no imaginary potential is used.

The input file contains the parameters specifying the system, which are the atomic
number and mass of the nuclei, and the nuclear potential parameters of the entrance
channel, that is, the potential depth V0, the radius R0 and the diffuseness ao. To take
into account the vibrational motions, for each level the excitation energy Ex, the de-
formation parameter βλ, the multiplicity of the vibration coupling λ and the number
of considered phonons n are specified. The deformation parameter is related to the
reduced transition probability B(Eλ) of the electromagnetic decay from the excited
state λπ to the ground state by:

β2
λ =

(
4π

3Ze2Rλ

)2

4πB(Eλ) (2.57)

with Z and R being the nuclear charge and radius, respectively.
In the case of rotational coupling, the excitation energy of the first 2+ state of the ro-
tational band, the quadrupole deformation β2 and the hexadecapole β4 deformation
parameters and the number of levels in the band have to be specified.
For the transfer of nucleons it is necessary to provide the Q-value of the transfer
channel, the strength of the coupling and the number of transferred nucleons. The
code allows also to include in the calculations all the possible mutual excitations.

Excitation of surface modes

The coupling of the surface excitation states of a nucleus are generated by the inter-
action V(r − δR), where V(r) is the ion-ion potential and δR is the surface distortion,
expressed as

δR = ∑
nλµ

RαnλµYλµ(r) (2.58)

where αnλµ is the static or dynamic deformation amplitude. The expression above
can be simplified, in the rotating frame, if the direction r̂ between the colliding nuclei
defines the z axis, which implies that µ = 0

δR = ∑
nλ

Rαnλ0

√
2λ + 1

4π
(2.59)

Under this condition, it is possible to define the matrix element of the surface dis-
tortion amplitude between the ground state and the first excited state. This expres-
sion holds for both static and dynamic deformations, i.e. rotational and vibrational
excitations

< nλ|δR|00 >=
βnλR√

4π
(2.60)

Both Coulomb and nuclear potentials can be developed with respect to the de-
formation parameter δR. In particular for the Coulomb interaction a first-order trun-
cation is sufficient and the non-diagonal elements of the coupling matrix are

δVC = ∑
n

3Z1Z2e2

2λ + 1
Rλ

rλ+1 αnλ0

√
2λ + 1

4π
(2.61)

First-order truncation has been also performed for nuclear potential, however
it has been demonstrated that nonlinear couplings significantly affect the shape of
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fusion barrier distributions [28]. The CCFULL program allows to calculate the cou-
pling of the surface excitations to all orders [29]

U(r − δR) ∼ U(r) + δVN

δVN = − dU
dr δR + 1

2
d2U
dr2 [(δR)2− < 0|(δR)2|0 >]

(2.62)

where the second-order term is null at the ground state.
The program is suitable for the treatment of both light and heavy ion fusion, where
multiphonon excitations are crucial. The main excitations that influence the fusion
reaction between heavy ions are the low energy states 2+ and 3−, and occasionally
also the 4+ and 5− states.

Vibrational coupling

CCFULL considers the coupling of vibrational states by parameterizing the vibra-
tional potential through an harmonic oscillator. This approximation is performed
by introducing a dynamic operator which depends on the operator of creation (an-
nihilation) a†

λ0 (aλ0) of phonons and which is added to the radius parameter of the
Woods-Saxon potential.

R00 + Ô = R0 +
βλ√
4π

Rt(a†
λ0 + aλ0) (2.63)

where λ indicates multipolarity, βλ the deformation parameter and the radius of the
target Rt = rcp A1/3

t is expressed as a function of the coupling radius.
The matrix element between the n-phonons |n > state and m-phonons |m > is

Ônm =< n|Ô|m >=
βλ√
4π

Rt(
√

mδn,m−1 +
√

nδn,m+1) (2.64)

Diagonalizing the dynamic operator Ô it is possible to derive the elements of the
nuclear potential matrix

VN
nm =< n|VN(r, Ô)|m > −VN

0 δn,m (2.65)

where the term VN
0 δn,m avoids a double counting of the same term in the diagonal

components.
As mentioned before, the code employs the linear coupling approximation for the
coupling of the Coulomb potential with the vibrational degrees of freedom, obtain-
ing the matrix element VC

nm which is added to the nuclear element VN
nm.

VC
nm =

βλ√
4π

3
2λ + 1

ZPZTe2 Rλ
T

rλ+1 (
√

mδn,m−1 +
√

nδn,m+1) (2.66)

In realistic cases the phonon spectrum is truncated to a certain level and there-
fore the intrinsic motion deviates from the harmonic limit, even when the levels are
equally spaced and the electromagnetic transitions do not alter the linear approxi-
mation. However, the discussed matrix formalism still provides a convenient and
powerful technique to evaluate the coupling matrix elements.
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Rotational coupling

In the case of deformed nuclei, the program allows to include the coupling with the
rotational excitation states. The used method is very similar to the one described pre-
viously for the vibrational case. The target radius in the nuclear potential is changed
to a dynamical operator Ô

R00 + Ô = R0 + β2RtY20 + β4RtY40 (2.67)

where Rt is parametrised as rcplA
1/3
T , and β2 and β4 are the quadrupole and hexade-

capole deformation parameters of the deformed target nucleus, respectively. Fol-
lowing this replacement, the matrix element of the coupling Hamiltonian between
the |n >= |I0 > and |m >= |I′0 > states of the ground state rotational band of the
target can be calculated. For this purpose the dynamical operator is diagonalized
and the matrix elements result

ÔI I′ =
√

5(2I+1)(2I′+1)
4π β2Rt

(
I 2 I
0 0 0

)2

+

+
√

9(2I+1)(2I′+1)
4π β4Rt

(
I 4 I
0 0 0

)2 (2.68)

By introducing these elements into the potential representation, the coupling ma-
trix elements of nuclear potential are expressed as

VN
nm =< n|VN(r, Ô)|m > −VN

0 δn,m = ∑
α

< I0|α >< α|I′0 > VN(r, λα)− VN
0 δn,m

(2.69)
For the Coulomb interaction of the deformed target, the program includes up to

the second order with respect to β2 and to the first order of β4. At variance with
the nuclear couplings, the higher order couplings of the Coulomb interaction play a
minor role.

VC
mn = 3ZPZT

5
R2

T
r3

√
5(2I+1)(2I′+1)

4π

(
β2 +

2
7

√
5
π β2

2
) ( I 2 I

0 0 0

)2

+

+ 3ZPZT
9

R4
T

r5

√
9(2I+1)(2I′+1)

4π

(
β4 +

9
7 β2

2
) ( I 4 I

0 0 0

)2 (2.70)

The total coupling matrix element is given by the sum of VN
mn and VC

mn.
The limit of the rotational coupling obtained this way consists in the treatment of the
nucleus as a pure quantum rigid rotator.

Transfer coupling

Recent studies have highlighted the influence of transfer processes on the fusion
reactions at sub-barrier energies, where an enhancement of the cross sections is ob-
served with respect to the CC calculations including the coupling to the vibrational
and rotational states.
CCFULL includes in the CC calculations the coupling of the pair-transfer between
the ground states of the interacting nuclei. In this perspective, a macroscopic form
factor is included [8]

Ftrans(r) = Ft
dVN

0
dr

(2.71)

where Ft is the coupling strength.
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2.3 Barrier distribution

The barrier distribution allows to reveal detailed structures in the energy depen-
dence of the measured fusion cross sections at energies close to the Coulomb barrier.
Indeed, the barriers show up significant differences among different systems, ac-
cording to the structure of the interacting nuclei or to the dynamics of the reaction.

Rowley et al. [6] proposed a method to directly extract from the experimental fu-
sion cross sections the barrier distribution, which is defined as the second derivative
of the energy-weighted cross section.

D(E) ∼
d2(Eσf us(E))

dE2 (2.72)

This expression can be obtained starting from the estimate of the fusion cross
section in the presence of channel couplings, which is expressed as the sum of the
cross sections relative to the single barriers Bi = V(r) + λi

σf us(E) = ∑
i

Wiσ
f us
i (E, V + λi) (2.73)

where Wi is the weight factor of each cross section σ
f us
i (see Eq. 2.49).

If the fusion cross section is assumed to be a continuous distribution, the sum can be
replaced with an integral

σf us(E) =
∫ ∞

0
σ f us(E, B)D(B)dB (2.74)

with the normalization condition
∫ ∞

0 D(B)dB = 1.
The fusion cross section σ f us(E, B) is linked to the tunnelling of the barrier B. The
amount D(B) is defined assuming that for each i-th channel the fusion takes place
only after the crossing of the corresponding barrier Bi. D(B) can therefore be ex-
pressed as the discrete spectrum of the barriers obtained by the coupling of each
reaction channel with a barrier Bi.

D(B) = ∑
i

Wiδ(B − Bi) (2.75)

In the classical treatment of the potential barrier, the transmission coefficient is a
step function of the energy (as shown in the example of Fig. 2.4 left panel) and for
each single barrier the fusion cross section weighted in energy is

Eσ
f us
cl (E, B) =

{
πR2(E − B) E > B
0 E < B (2.76)

The second derivative, at energies above the barrier, is

d2(Eσ
f us
cl (E, B))
dE2 = πR2δ(E − B) (2.77)

By calculating the second derivative of the energy-weighted cross section of Eq. 2.74
and applying it to the classical case (Eq. 2.77), the previous D(E) definition is ob-
tained:
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1
πR2

d2(Eσ
f us
cl (E))

dE2 =
1

πR2

∫ d2(Eσ
f us
cl (E, B))
dE2 D(B)dB (2.78)

=
∫

δ(E − B)D(B)dB = D(E) (2.79)

For a complete treatment of the problem it is necessary to introduce quantum
mechanical effects related to barrier penetration, which are dominant at sub-barrier
energies and are neglected by the classical model. Quantum tunneling can be in-
cluded by employing the Wong formula (Eq. 2.25), which allows to obtain the fol-
lowing expression of the energy-weighted cross section

Eσ f us(E, B) =
h̄ωR2

2
ln
{

1 + exp
[

2π

h̄ω
(E − B)

]}
(2.80)

The second derivative of the weighted cross section is therefore

1
πR2

d2(Eσ f us(E, B))
dE2 =

2π

h̄ω

ex

(1 + ex)2 = G(E − B) (2.81)

where x = 2π
h̄ω (E − B).

By integrating on the continuous barrier distribution, D(E) in the quantum mechan-
ical treatment can be expressed as

1
πR2

d2(Eσ f us(E))
dE2 =

∫ 2π

h̄ω

ex

(1 + ex)2 D(B)dB (2.82)

=
∫

G(E − B)D(B)dB = D(E) (2.83)

The barrier distribution is smeared out by the function G (E − B).
Alike δ(E − B), G (E − B) is peaked at E = B, is symmetric around that point, and
has unit area. The only difference is its finite width, FWHM≃ 0.56 ωh̄.
Assuming that the barrier distribution D(B) is discrete, to each peak correspond-
ing to the function G(E − Bi), having the same FWHM≃ 0.56 ωh̄, a channel of the
reaction is associated. The spectrum of barriers D(E) can therefore be expressed as

D(E) =
N

∑
i

WiG(E − Bi) =
1

πR2

d2(Eσ
f us

W (E))
dE2 (2.84)

The main difference between the two distributions of Eq. 2.75 and 2.84 is the
width of the peak associated with each barrier. In the latter case the distribution is
represented by a bell distribution with a defined structure and amplitude, so that the
spacing between two successive barriers has to be greater than their single width at
half height in order to be distinguishable as two different contributions.

2.3.1 Obtaining the barrier distribution from experimental data

The barrier distribution yields detailed insight into the influence of nuclear structure
on the fusion process, especially at energies below the Coulomb barrier. Since the
theoretical fusion cross section can be obtained analytically, the barrier distribution
can be easily calculated with the method described in the previous section. On the
contrary, the experimental cross sections can be determined only at a finite number
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FIGURE 2.5: Barrier distributions of hypothetical systems [25], eval-
uated using the point difference formula with different energy steps.

of energies. From experimental or calculated cross sections with finite energy inter-
vals, the second derivative of the weighted cross section Eσ can be obtained approx-
imately from the successive determination of the first derivative using a point dif-
ference formula, where for three fusion cross sections σ1,2,3 measured at the consec-
utive energies E1,2,3, the second derivative at the average energy (E1 + 2E2 + E3)/4,
is given by

d2(Eσ(E))
dE2 ≃ 2

(E3σ3 − E2σ2

E3 − E2
− E2σ2 − E1σ1

E2 − E1

)
(

1
E3 − E1

) (2.85)

For data with equal energy steps, ∆E = (E3 − E2) = (E2 − E1), the expresssion
above can be semplified to

D(E) =
d2(Eσ(E))

dE2 ≃
(E3σ3 − 2E2σ2 + E1σ1

∆E2

)
(2.86)
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FIGURE 2.6: Barrier distributions for six different systems [25]. (a)
The 40Ca + 40Ca system shows up the typical single barrier shape due
to the spherical structure of the doubly magic 40Ca nucleus. (b) In the
16O + 92Zr a continuous distribution is observed although the theoret-
ical result is a set of several discrete barriers very close in energy. (c)
The 16O + 154Sm and (d) 16O + 186W show the typical continuous dis-
tribution for deformed nuclei, differing by the deformation parameter
β4 positive for 154Sm and negative for 186W. (e) The high energy peak
in 16O + 144Sm is due to the coupling to the low energy phonon state
in 144Sm. (f) The three-barriers structure of the system 58Ni + 60Ni is

due to the complex surface vibrations induced in this reaction.

The statistical error δc associated with the second derivative at the energy E is
obtained by the quadratic propagation of the absolute cross section uncertainties δσi

δc =

(
E

∆E2

)
[(δσ)2

1 + 4(δσ)2
2 + (δσ)2

3]
1
2 (2.87)

In a measurement, the relative uncertainty δσ/σ reaches minimum values with
increasing the cross section, and therefore beyond this minimum the statistical un-
certainty δc is proportional to the cross section and increases proportionally to the
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beam energy. Assuming this constant relationship the following expression is ob-
tained

δc ≃
√

6
(

δσ

σ

)
Eσ(E)
(∆E)2 (2.88)

The barrier distribution is therefore well defined at lower energies where the
cross section is smaller, despite that the relative uncertainty can be large, while it
gets less defined when energy increases. The statistical uncertainty δc is inversely
proportional to the energy step ∆E2, so that in principle it can be reduced by using
larger energy intervals. On the other hand, a large value of ∆E smooths the extracted
distribution by damping characteristic structures originating from couplings to dif-
ferent inelastic channels.
The choice of the energy step is therefore of great importance for a well-defined es-
timate of the barrier distribution. Usually, a good compromise between sensitivity
and precision is to use different energy steps ∆Ei: smaller steps at low energies, in
order to highlight possible structures below the Coulomb barrier, and larger steps at
higher energies to reduce the uncertainties.
Fig. 2.5 shows the barrier distributions of hypothetical systems [25], extracted us-
ing the point difference formula from cross sections estimated with CC calculations.
The distributions obtained employing energy steps of 1 MeV are compared to the
ones resulted from energy steps from 2 MeV to 3 MeV. As the energy step increases
the distributions show increasingly damped structures at low energies (see again
Fig. 2.5), while they are better defined at higher energies. The uncertainty, on the
other hand, decreases as the energy step increases.

The measurements of the cross section from which the distribution of barriers is
extracted require a high precision and accuracy. Indeed, with the point difference
formula the second derivative is determined by the variations of the cross section of
three neighboring points, and therefore the fluctuation of one measurement leads to
a displacement of three points of the distribution.

The fusion barrier distributions have been extracted for many systems and have
proven to be sensitive to the effects of channel couplings, providing a clear way of
understanding their effects on the fusion process, as illustrated in Fig. 2.6.
Barrier distributions therefore renewed the interest in studies of heavy-ion subbar-
rier fusion reactions.

2.4 Fusion at deep-subbarrier energies

The availability of advanced set-ups allowed to extend the fusion cross sections mea-
surements for several systems down to extremely low cross sections, in the range of
a few nanobarn (nb). These experimental data showed that, although the coupled-
channels approach resulted successfully in reproducing the excitation function for
heavy ion reactions at energies above and below the barrier, the experimental cross
sections at far sub-barrier energies were overestimated for a number of systems.

This phenomenon is named as "hindrance" and one of the first evidences is shown
in Fig. 2.7 (a), where the experimental excitation function of the system 64Ni + 64Ni
[18, 30] is hindered at deep-subbarrier energies compared to the standard coupled-
channels calculations (dashed line).

Two different models have been proposed in order to describe the deep-subbarrier
fusion hindrance.
The first model, proposed by Misicu and Esbensen [12, 32] and called "sudden ap-
proach", treats the nuclei density as frozen during the collision, assuming in this way
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FIGURE 2.7: Excitation function (a), logarithmic derivative L(E) (b)
and astrophysical S factor S(E) (c) of the system 64Ni + 64Ni [18, 30],
where hindrance was observed in early experiments of this kind [31].

that fusion occurs rapidly. They suggest that the incompressibility of nuclear matter
becomes effective at small internuclear distances, thus generating a repulsive core
in the ion-ion potential, which is then much shallower than standard potentials (see
Fig. 2.8). This hinders the fusion probability.

On the contrary, Ichikawa et al. [33] have proposed an "adiabatic approach"
where the fusion proceeds through the formation of a neck between the colliding
nuclei in the overlap region (Fig. 2.8). In this model, the fusion occurs in the time
necessary for the density distribution to adjust to the optimal distribution and the
hindrance originates from the tunneling of a one-body potential due to the neck for-
mation. The two models, despite the origins of the deep-subbarrier hindrance are
considerably different from each other, reproduce several experimental data equally
well.

Hindrance typically shows up with varying intensities and distinct features in
different systems. Two model independent representations of the measured cross
section are therefore usually employed in order to highlight the appearance of hin-
drance: the logarithmic slope L(E) of the excitation function and the astrophysical S
factor S(E).

The logarithmic derivative of the energy-weighted cross section L(E) represents
the slope of the excitation function [7]

L(E) =
d[ln(Eσ)]

dE
=

1
Eσ

d(Eσ)

dE
(2.89)

where E is referred to the center of mass system. L(E) increases as energy decreases,
as shown in Fig. 2.7 (b).

The astrophysical S factor is a quantity widely used in nuclear astrophysics [35].
It is defined as:

S(E) = Eσ(E)e2πη (2.90)

where η is the Sommerfeld parameter: η = (0.157Z1Z2)/
√

ϵ and ϵ = ECM/µ.
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FIGURE 2.8: Scheme of a heavy ion-ion potential as a function of the
center-of-mass distance r between colliding nuclei [34]. In the picture,
the touching point of the colliding nuclei Vtouch and its compound
state are shown with a circle and square point, respectively. The gray
area represents the overlapping region of the colliding nuclei. The
dashed and dotted lines indicate the potential energy curves for the

adiabatic and sudden approach, respectively.

Plotting the S factor is a useful way of representing the trend of the excitation func-
tion in the energy region below the barrier, since S is directly extracted from the
cross sections. On the contrary, the logarithmic slope L(E) and the barrier distribu-
tion B(E) are derivatives of the excitation function and are therefore subject to larger
experimental errors in the lower and higher energy regions, respectively, as shown
in Fig. 2.6 and 2.7 (b). The two quantities L(E) and S(E) are algebraically related,
since it is easy to show that the energy derivative of S(E) is

dS(E)
dE

= S(E)
[

L(E)− πη

E

]
(2.91)

And thus the S factor develops a maximum at the energy where the slope reaches
the value

L(E) = LCS(E) =
πη

E
(2.92)

The threshold for deep-subbarrier hindrance is conventionally taken at the en-
ergy where the astrophysical S factor reaches its maximum, as shown in Fig. 2.7 (c).

However, for some systems no maximum of the S factor can be observed in the
measured energy range, so that the comparison of the experimental data with the
results of standard CC calculations is necessary. An overprediction of the calcula-
tion with respect to experimental fusion cross section at low energies indicates the
presence of hindrance. Moreover, there are several other cases where even the com-
parison of the experimental S factor with standard CC calculations does not indicate
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the presence of the hindrance [36]. This situation may be due to a different influ-
ence of nuclear structure and/or strong transfer couplings, which probably shift the
hindrance threshold towards energies lower than measured ones.
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Chapter 3

Fusion with exotic beams and the
SPES project at LNL

3.1 Reactions with radioactive beams

The studies of near- and sub-barrier fusion reactions with stable ions have shown
that there is a connection between the fusion mechanism and the underlying nu-
clear structure of projectile and target.
The availability of radioactive beams has greatly extended this investigation. In-
deed, radioactive beams can be used to emphasize certain nuclear properties that
are found to influence the fusion process. This can be exemplified by the cases of
nuclei with weakly bound neutrons or protons, as the “halo nuclei” (8B, 11Li, 15C,
17F), nuclei that exhibit strong transfer channels (6,8He), nuclei with a large neutron
excess (e.g., 132Sn, 134Te), or nuclei with a pronounced vibrational structure (76Kr). In
this section a few measurements employing medium-heavy or heavy exotic beams
are described.

At Oak Ridge National Laboratory (ORNL) the Holifield Radioactive Ion Beam
Facility (HRIBF) developed very neutron rich exotic beams as 132Sn and 130,134Te for a
series of experiments on lighter targets as 58,64Ni and 40,48Ca. The aim of these mea-
surements was the investigation of the effect of transfer couplings on sub-barrier
fusion when the neutron excess is very large and consequently the transfer Q-values
are positive even for 12-14 transferred neutrons.
Several experiments and theoretical analyses [25, 37, 38] gave strong evidences of
sub-barrier fusion enhancement due to the coupling with nucleon transfer chan-
nels. A model-independent way to highlight these effects is the comparison of
the fusion of calcium and zirconium isotopes [39, 40], where the 40Ca + 96Zr sys-
tem showed a significant increase in the sub-barrier fusion cross sections with re-
spect to 40Ca + 90Zr. This has been attributed to the existence of positive Q-value
neutron transfer channels for the 96Zr case [41]. The additional comparison with
48Ca + 90,96Zr [39] and 40Ca + 94Zr [40] systems confirmed this interpretation. In or-
der to determine the presence of such enhancement also in heavy systems, the role
of transfer has been investigated with both radioactive and stable heavy ion beams.

First experiments concerned 132Sn + 64Ni [42] and, later on, 132Sn + 58Ni and 130Te +
58,64Ni [43]. The 132Sn + 58,64Ni measurements were of particular interest since both
neutron transfer couplings and the use of neutron-rich exotic beams have been pre-
dicted to provide enhanced fusion probabilities for the synthesis of superheavy el-
ements [44, 45]. The two systems have been compared with stable Sn + Ni fusion
measurements, where the Q-values for transfer of nucleons from the Ni to Sn nu-
clei are negative. Figure 3.1 (left panel) reports the excitation functions measured
for various Ni+Sn systems in direct (with Ni stable beams) and inverse (with 132Sn
beam) kinematics. The Q-values for two-neutron transfer are also indicated. The
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FIGURE 3.1: On the left, fusion excitation functions of the 58,64Ni
+ 124Sn and 132Sn + 58,64Ni systems, where the abscissa is the distance
of the energy from the Akyüz-Winther Coulomb barrier [36]. On the
right, comparison of the excitation functions of the 130Te + 58,64Ni,
132Sn + 58Ni, 64Ni + 118Sn, and 40Ca + 90,96Zr systems [43]. The fusion
cross sections and center-of-mass energies were scaled by the geomet-
rical cross section (πR2) and Bass barrier height (VBass) respectively

comparison demonstrates no significant differences between the excitation functions
of 132Sn + 58Ni and 132Sn + 64Ni and no enhancement with respect to 58,64Ni + 124Sn.
These results indicate that for such rather heavy systems, the extra-enhancement
possibly due to transfer couplings becomes appreciable only at rather low energies
(cross sections below ∼ 1 mb).
The 130Te + 58,64Ni fusion measurement showed that this situation is not limited to
the Sn + Ni systems. The comparison of the Te + Ni and Sn + Ni excitation functions,
shown in Fig. 3.1 (right panel), indicates no significant difference in the region of
the barrier. Nevertheless, the presence of positive Q-value transfer channels does
not seem to influence the fusion process of these systems, in contrast to the enhance-
ments observed in lighter cases (see the 40Ca + 90,96Zr systems in Fig. 3.1, right panel).

Different results are obtained in the more recent measurements performed using
the exotic beam on Ca targets. Figure 3.2 (left panel) reports the excitation function
of the 134Te + 40Ca [46] and of several Sn + Ca systems involving stable and radioac-
tive Sn isotopes [47]. The fusion excitation functions are separated into two groups
according to the 40Ca and 48Ca targets, with a significant enhancement in the sub-
barrier fusion for the reactions with 40Ca in comparison to 48Ca. As shown from the
systematics of ground state Q-values in Fig. 3.2 (right panel), the two systems with
only negative Q-values for neutron transfer channels, 132,124Sn + 48Ca, have smaller
cross sections with respect to the other cases, where many positive Q-value transfer
channels exist. The results suggest that the influence of the transfer channels is sim-
ilar in the Te + Ca and Sn + Ca reactions, where they strongly influence sub-barrier
cross sections when the Q-value is positive. This effect was already investigated and
clarified in studies with stable beams [39], but the use of very neutron rich exotic
beams like 132Sn and 134Te has allowed to confirm this evidence.

Additional experimental and theoretical efforts are needed to clarify the rela-
tionship between transfer and fusion reactions. Experimental measurements of both
fusion and transfer cross sections will provide a deeper understanding of transfer
couplings effects on fusion.
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FIGURE 3.2: ER cross sections (on the left) and ground state Q-values
for increasing number of transferred neutrons to the light fragments
(on the right) for 134Te + 40Ca [46] and for 132,124Sn + 40,48Ca reactions
[47]. On the left panel the energy scale is normalized to the Akyüz-

Winther Coulomb barrier [36].

3.2 The SPES project

3.2.1 Techniques of radioactive beam production

Moving away from the valley of beta stability, the production of exotic nuclei runs
into several difficulties originated by the extremely low production cross sections,
the huge production of unwanted species in the same nuclear reaction and the very
short half lives of the nuclei of interest.
Originally two complementary ways to make good quality radioactive ion beams
(RIBs) were developed: the isotope separation on line (ISOL) technique and the in-
flight separation technique (see Figs. 3.3 and 3.4, respectively).

In the ISOL technique an intense beam of neutrons or charged particles bom-
bards a “thick” production target, producing a variety of radioactive nuclei. If these
particles have a sufficiently long half-life, a high vapor pressure and do not chemi-
cally react within the production target, they will effuse out of the target and can be
subsequentely ionized and accelerated in a secondary accelerator [48]. The RIBs pro-
duced in this way are characterized by beam-spot size, emittance and energy width
that are similar to the ones of stable beams. The beam energy is, in most cases, in the
range needed for measuring heavy-ion fusion reactions. The difficulties originating
from isobaric impurities, which is a problem inherent to all secondary beams, can in
some cases be overcome by using the mass selectivity of a cyclotron [49] or by accel-
erating a particular charge state. However, because of its chemical dependence and
the finite effusion times, the isotopic access of the ISOL technique is limited. Among
the facilities that presently use the ISOL technique ISOLDE (CERN), ISAC (TRIUMF,
Canada) and SPIRAL (GANIL, France) are the most important ones.

In the in-flight separation method, a “thin” production target is bombarded by
an energetic heavy-ion beam in inverse kinematics [51]. The reaction products are
emitted in a narrow cone in the forward direction and are focused and transported
through mass separators. At energies near and below 10 MeV/nucleon, direct re-
actions are often used and the reaction products can be selected and focused by
solenoids or by a combination of solenoid, bunching resonator, and bending magnet
(see Fig. 3.4 upper panel). At energies of a few tens to several hundreds MeV/nucleon,
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FIGURE 3.3: A schematic illustration of RIB production based on the
ISOL technique [50].

the production reaction is essentially fragmentation, and more sophisticated frag-
ment mass separators are used for filtering the beam (Fig. 3.4 bottom panel). Since
there is no time delay for effusion out of the target, the widest range of secondary
nuclei are produced without any chemical dependence. However, reaction mecha-
nisms and target thickness introduce significant energy and angular spreads which
lead to a poor energy resolution and large emittance of the secondary beam. Inflight
beams are available at ANL (USA), ANU (Australia), CIAE (China), FSU (USA),
INS Tokyo (Japan), LNL and LNS (Italy), Notre Dame (USA), RIBRAS (Brazil), and
TAMU (USA).

The main difficulty present in all secondary beam experiments is the low beam
intensity. Indeed, beam intensities are usually in the range of 103–107 particles/s,
which are 3 – 6 orders of magnitude lower than what is typically available with sta-
ble beams. To overcome the limit coming from these low beam intensities, the detec-
tion systems have to assure high efficiencies or the experiments should be limited to
reactions with large cross sections.

3.2.2 Selective Production of Exotic Species (SPES)

SPES is an INFN project to develop a second generation ISOL facility for reaccel-
erated exotic beams, mainly neutron-rich ions [52, 53]. The construction of SPES
involves the two national laboratories: LNL and LNS and other INFN sites in Italy.
The choice of the Laboratori Nazionali di Legnaro (LNL) as the facility site is due
to the presence of the PIAVE-ALPI accelerator complex, which will be used as re-
accelerator for the RIBs.

FIGURE 3.4: A schematic illustration of RIB production in-flight with
direct (top) and fragmentation reactions (bottom) [50].
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The key feature of SPES is to provide high intensity and high-quality beams of
neutron-rich nuclei to perform forefront research in nuclear structure, reaction dy-
namics and interdisciplinary fields like medical, biological and material sciences.
The facility consists of a primary accelerator, the production target coupled to the ion
source (TIS), the charge breeder, the beam transport system and the re-accelerator.
A High Resolution Mass Spectrometer (HRMS) can be part of the transport system,
according to the requirements of the experimental needs.
According to the ISOL method, the driver accelerator provides a primary beam
which induces nuclear reactions inside a thick target. Because of the high temper-
ature of the target-ion source system, the reaction products are extracted from the
target by thermal process. Once the products reach the source, they are ionized (1+)
ionized and extracted. After an isotopic selection and a further ionization to N+, the
exotic beam is injected into a re-accelerator. The exotic isotopes will be re-accelerated
by the ALPI superconducting linac up to energies of 10 AMeV and higher for masses
in the region of A=130 amu, with an expected rate on the secondary target of 109 pps
for selected cases.

Proton driver

The proton driver consists of a cyclotron (P70) able to supply proton beams with en-
ergy in the range of 40-70 MeV reaching a maximum current of 750 µA. Under these
conditions, a maximum total beam power of 52 kW has to be managed. The use of a
cyclotron as proton driver is very interesting from the point of view of a multi-user
proton facility. Indeed it is equipped with two exit ports with stripper extraction,
allowing for dual proton beam operation which permits to employ the accelerated
beams for the production of RIBs and the development of applied physics at the
same time.

ISOL front-end

The ISOL front-end is the system which couples the proton beam with the UCx tar-
get, the ion source and the first part of the transport line of the exotic beam. At
present the whole system is completed and is in operation at LNL for off-line tests.

The production target is carefully designed in order to optimize the radiative
cooling, taking at the same time advantage of its high operating temperature (of the
order of 2000◦C). The adopted configuration maximizes the release efficiency and the
heat dissipation. The target is made of 7 UCx disks (diameter and thickness of 40 and
1.3 mm, respectively), spaced in the axial direction in order to dissipate, by thermal
radiation, the average power of 8 kW generated by the passing of the proton beam
which induces nuclear reactions. The disks are placed in a cylindrical graphite box
housed inside a tubular hollow tungsten ohmic heater. Indeed, both simulation and
experimental tests showed that, because of the intense heat exchange by radiation,
the energy released by the proton beam is not sufficient to make the system reach
the operating temperature. The container provides an additional external power
and allows a thermal control of the target operation. The target proved to be able to
sustain the power necessary to produce 1013 fissions/s.

The neutron-rich fission fragments produced in the target are extracted by ther-
mal motion and ionized to 1+ charge state by an ISOL source directly connected to
the production target (TIS). The choice of the type of ion source to be used has been
dictated by the efficiency and by its capability for selective ionization. In the first
phase of the SPES the TIS is equipped with a Surface Ionization Source which can be
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FIGURE 3.5: Scheme of the transport line for the SPES exotic
beams [53].

coupled to a Resonant Ionization Laser Ion Source.
The isotopes produced in the target diffuse and then effuse through the transfer tube
into the ionizer cavity, which is a tungsten tube (34 mm length, 3 mm inner diameter
and 1 mm wall thickness) resistively heated to near 2000◦C. From the cavity the iso-
topes undergo surface or laser ionization. In the surface ionization process an atom
comes into contact with a hot metal surface and transfer a valence electron to the
metal surface. This process is energetically favorable for elements with an ioniza-
tion potential lower than the work function of the metal.
The laser resonant photo-ionization allows to achieve sufficiently selected ioniza-
tion. This method produces beams as pure as possible (chemical selectivity) also
for metal isotopes. In order to ionize elements with high ionization potential, as
rare gases, the plasma source is needed, although the ionization occurs without any
selectivity.

Beam transport and re-acceleration

The secondary beam line transport system leads the radioactive beam provided by
the ionization source to the low-energy experimental area and to the reaccelerator
complex. Figure 3.5 reports a scheme of the transport line described below.

One typical problem of ISOL facility is to assure a high beam purity, since the
extracted species are transported according to their A/q value. The low rigidity of
the beam allows to adopt electrostatic quadrupoles to focus and transport the beam.
The first mass selection is performed by a Wien Filter with 1/100 mass resolution,
installed after the first electrostatic quadrupole triplet. The transfer line towards
ALPI is equipped with several beam handling systems to purify the beam. A Beam
Cooler and a High Resolution Mass Separator (HRMS) with 1/20000 mass resolution
will be installed inside the new building.

Before the injection in the ALPI superconducting linac, an increase of the charge
state from 1+ to N+ is necessary, which is performed employing of a Charge Breeder.
After the Charge Breeder a second mass separator with ∼ 1/1000 mass resolution,
will be installed to remove the contaminants introduced by the Charge Breeder itself.

The exotic species will be reaccelerated by the acceleration complex PIAVE-ALPI.
The linear accelerator ALPI is built of superconducting resonant cavities and can be
operated also with the PIAVE injector which is based on an ECR source followed by
a superconducting RFQ and by 8 dedicated resonant cavities able to accelerate ions
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FIGURE 3.6: On-target intensities estimated considering emission,
ionization and acceleration efficiencies of various isotopes [55].

with A/q ≤ 8.5 up to 1.2 AMeV. As mentioned before, ALPI accelerator will be able
to push the RIBs energy up to 10 AMeV for masses in the region of A=130 amu.

In order to determine the intensities and the ion species available for experiments
in the SPES facility, several factors have been taken into account. These estimations
are based on simulations on the target release time, the fission fragment production
yield and the diffusion and effusion of the exotic species. The simulations includes
also the efficiencies of the source ionization and extraction, charge breeding, beam
transport and reacceleration. The final estimated beam currents for the SPES facility
are shown in Fig. 3.6 for some interesting species (more details can be found in [54]).
In the first phase of SPES, the cyclotron will provide proton currents up to 5 µA on
the UCx target. Under these conditions intensity of only ∼ 105 pps will be available
as re-accelerated beams.

3.2.3 Fusion with SPES beams

As mentioned in the previous section, studies of fusion reactions with exotic beams
may highlight unexpected phenomena. It is therefore of our interest to start imme-
diately an experimental activity in this field by exploiting selected very neutron rich
beams produced by the SPES facility. Hence, we plan to use the low intensity beams
(∼ 105 pps) which will be provided in the first phase of SPES.

Selenium, strontium and kripton beams, starting from the two isotopes 96Sr and
94Kr (provided with intensities of 105 pps) will be used on 40Ca and 28Si targets. For
these systems indeed neutron pick-up reactions with Q-values as large as +26 MeV
are available. Furthermore, the low-energy structure of the two projectile nuclei 96Sr
and 94Kr is well known so they can be included in CC calculations, in order to high-
light possible effects of transfer on fusion.
When heavier beams like 134Sn and 136Te will be produced with comparable intensi-
ties, their fusion with lighter targets will be investigated. In particular, by measuring
cross sections smaller than 1 mb, transfer couplings effects should show up more
clearly, as described in Sec. 3.1. In the second phase of SPES, other attractive exotic
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beams like 94Sr, 92Kr, 132Sn, 134Te and 140,142Xe will be provided at higher intensities
(ranging from 106 to 108 pps).

In order to perform the proposed fusion experiments, the beam quality (stabil-
ity, energy definition and size of the spot on target) and its purity will be essential,
especially below the Coulomb barrier. Furthermore, the reduced intensity of the ra-
dioactive beams of our interest, with respect to the stable beams usually provided by
the XTU Tandem, makes it impossible to measure with low-efficiency set-ups. New
detection systems which will assure an efficiency close to 100% are therefore foreseen
for the upcoming SPES beams. In the next chapter the set-up used in LNL for near-
and sub-barrier fusion reaction with stable beams and its upgrade for radioactive
beams will be described.
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The fast ionization chamber

4.1 PISOLO: a set-up for the direct detection of evaporation
residues

Fusion cross sections, when fusion-fission has a negligible probability, can be ex-
perimentally determined by direct detection of evaporation residues (ER) or by the
detection of characteristic gamma-rays or/and light particles emitted during the de-
excitation of the compound nucleus. The direct detection of ER is the most accurate
method but it’s very challenging and requires addressing various technical prob-
lems. The ER are forward peaked and must be physically separated from the direct
beam and the intense flux of elastically scattered beam particles at small angles. This
separation can be achieved using electric and/or magnetic fields.

At the Laboratori Nazionali di Legnaro (LNL) of INFN, the beam intensity of the
TANDEM accelerator is typically around 1010 pps. Conventional particle detectors
do not withstand such rates so that beam rejection is necessary in order to allow
ER detection at small angles. Moreover, the fraction of beam particles involved in a
fusion reaction is small. That fraction can be estimated as:

N f us

Nbeam
=

σf usNAt
A

(4.1)

where N f us (Nbeam) is the number of fusion events (beam particles), t and A are re-
spectively the thickness (g/cm2) and the mass number of the target and σf us is the
fusion cross section in cm2 ( NA is the Avogadro number ). Typical values of the frac-
tion are of the order of ∼ 10−7. Under these conditions, an electrostatic field applied
perpendicularly to the direction of the particles between the target and the detec-
tion system allows to efficiently separate the beam from the ER, by exploiting the
difference in electrical rigidity usually existing between ER and beam or beam-like
particles.

The electrostatic deflector PISOLO is currently used at LNL in studies of fusion
dynamics above and below the Coulomb barrier through the direct detection of ER
events produced with stable beams. This set-up has been designed to allow a fast
and reliable measurement of relative and absolute fusion cross sections. The appa-
ratus consists of a reaction chamber, an electrostatic deflector and an energy, energy
loss and time of flight telescope based on micro-channel plates, an ionization cham-
ber and a silicon surface barrier detector. A picture of the experimental set-up is
shown in Fig. 4.1.
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FIGURE 4.1: Picture of the experimental set-up PISOLO.

4.1.1 The reaction chamber

The reaction chamber is made of stainless steel and has a cylindrical structure with
an internal radius of 50 cm. One of its main properties is to allow a rotation keeping
the vacum inside (10−6 mbar) by means of a sliding seal, so to perform angular
distribution measurements.

Targets are fixed in a six-position holder, shown in Fig. 4.2. One of the positions
is normally used for a quartz plate with a small central hole (1.5 mm in diameter),
used to focus the beam. The target support is attached to the upper cover of the
reaction chamber, and is moved through an external control system, so to be able to
focus the beam at each change of energy and to change the target or its angle with
respect to the beam direction.

Four 50 mm2 silicon detectors are placed at a variable distance from the target.
That distance is normally 195 mm, corresponding, when they are mounted on a cir-
cular support, to a detection angle of θlab = 16.05◦ with respect to the beam line
(Fig. 4.2). These detectors are essential for the precision measurements necessary to
normalize the fusion yields to the Rutherford scattering cross section and to monitor

FIGURE 4.2: The target holder (left) and the four monitors (right).
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FIGURE 4.3: Horizontal view of the set-up. From the left: reaction
chamber, electrostatic deflector and TOF-∆E-E telescope.

the changes in beam position on the target, usually associated with the effects of the
magnets installed on the beam line upstream of the reaction chamber. The monitor
detectors have collimators with a diameter of 1.5 mm to reduce the counting rate
and consequently the radiation damage. Taking into account that the surface of the
detectors is not perpendicular to the line connecting each of them to the target, the
total calculated solid angle is ∆Ωmon =(166.7±1.7) µsr for the four monitors.

4.1.2 Electrostatic deflector

The maximum of the ER differential cross section is found in a narrow peak cen-
tered at 0◦, with a FWHM of few degrees. The electrostatic deflector allows their
separation from the residual beam (see Fig. 4.3).

The deflector exploits the difference in electrical rigidity between the ER and the
particles of the transmitted beam. This rigidity is defined as η = E/q, where E is
energy and q is the ion charge state. The deflector is placed at an angle of 4.7◦ with
respect to the beam direction. For deflection angles of this order, the trajectory of
charged particles in the electrostatic field region can be approximated to an arc of
circumference, which radius of curvature is given by the relation between centrifu-
gal force and Lorentz force:

mv2

r
∼ qϵ (4.2)

where v and m are the velocity and mass of the ion respectively, while ϵ is transverse
electric field. Given that for the momentum conservation law the momentum of ER
and beam particles are approximately equal, the ratio between the radii of curvature
of the residues (rER) and of the beam particles (rb) is proportional to the respective
electrical rigidities.

rER

rb
∼ (E/q)ER

(E/q)b
∼ (mq)b

(mq)ER
(4.3)

Since mass and charge state of the residues are usually greater than those of the
beam ions, the evaporation residues have more pronounced curvature. The differ-
ent trajectories allow a clear separation between the two types of particles, also for
measurements performed at 0◦.

The electrostatic deflector is contained in a stainless steel cylinder 30 cm in diam-
eter and 85 cm in length. Inside the cylinder two pairs of stainless steel rectangular
electrodes with smooth surface are placed (see Fig. 4.4 left panel). Each electrode
has dimensions of 25 cm x 12 cm and a thickness of 0.5 cm. The distance between
the plates is adjustable externally and separately for each electrode. Two different
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FIGURE 4.4: The internal part of the electrostatic deflector with the
two pairs of electrodes (left) and a picture of the MCP in use (right).

and independent field regions are generated, which allow a good adjustment for
the different experimental conditions by minimizing the scattering of the beam on
the plates. Two high voltage power supplies bring the electrodes up to a maximum
voltage of around 40 kV and a collimator placed between the reaction chamber and
the electrostatic deflector (entrance collimator) defines the acceptance angle of the
deflector.

The applied voltage together with the geometry of the deflector plates bend
slightly the primary beam that is stopped on a side of a collimator (exit collima-
tor) placed at the end of the deflector. The ER, having lower electric rigidity, pass
through the collimator and reach the detection system.

The applied voltage is chosen to ensure the maximum transmission of residues,
but not all the primary beam is stopped. In typical fusion systems the rejection factor,
defined as the ratio between the number of incoming and outgoing beam particles
from the deflector, is ∼ 107−8, according to the beam energy. Indeed, following the
scattering in the target and the multiple collisions with the electrodes or the edges
of the collimators, a fraction of the beam particles, degraded in energy, enters the
exit collimator. A further separation of the two types of ions is therefore necessary,
which is realized by the detector telescope downstream of the exit collimator.

4.1.3 Telescope Time of flight - Energy

The telescope discriminates the particles by exploiting the longer time of flight of
more massive particles with respect to lighter particles of the same kinetic energy.
Since the ER have a non-relativistic speed (β ∼0.03 for the measured system 36S + 51V),
their mass is related to the kinetic energy by the following relation:

M =
2 E TOF2

d2 (4.4)

The ER have a longer time of flight TOF through the telescope with respect to the
lighter ions of the trasmitted beam. This allows to distinguish the two types of par-
ticles by measuring their TOF and their energy E. The mass resolution is obtained as
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follows, if energy and time are treated as independent variables:(
∆M
M

)2

=

(
∆E
E

)2

+ 4
(

∆TOF
TOF

)2

(4.5)

The relative error on the time TOF can be reduced by increasing the flight length at
the expense of the solid angle.

The telescope consists of two micro-channel plates detectors (MCP), a ionization
chamber (IC) and a heavy-ion partially depleted silicon surface barrier detector in-
side the IC.
The two MCPs yield the TOF together with the silicon detector and the two flight
bases are 666 mm and 1047 mm. The time resolution of the MCP detectors is compa-
rable to that of the Silicon detector, and overall they sum up to around 300 ps. This
contribution (∆TOF/TOF ∼ 0.7%) is therefore comparable to the energy resolution
of ∆E/E ∼ 1%. The mass resolution is therefore around ∆M/M ∼ 1/58 in typical
cases.

Before reaching the silicon detector, the particles pass through an ionization cham-
ber which provides their differential energy loss. In this configuration the silicon
detector measures the residual energy and provides both the trigger for data acqui-
sition and the start signal for the time of flights, as will be described below.

The telescope and the deflector are mounted on a platform which can be rotated
in order to perform angular distribution measurements. When the detection system
is placed at 0◦ the deflector is tilted by 4.7◦ with respect to the beam line whereas
the telescope is shifted by 47 mm with respect to the symmetry axis of the deflector.
This is the typical configuration employed in fusion reaction studies. A horizontal
section of the set-up is shown in Fig. 4.3.

Micro Channel Plates detectors

The use of MCP detectors is required by the need of detecting low-energy heavy ions
without significantly altering their energy [57].

They are based on 43 x 63 mm2 glass plates appropriately built to act as very com-
pact electron multipliers with high gain (around 103), see Fig. 4.5 (right). In the in-
stalled MCP detectors two glass plates are mounted in chevron configuration to get
as output a fast time signal, large enough for further processing. With two plates, an

FIGURE 4.5: Scheme of a MCP detector with electrostatic mirror [56]
(on the left) and of a MCP plate (on the right).
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overall gain of the order of 106 is achieved. They operate in high vacum conditions
(10−5−10−6 mbar ).

The ions do not collide directly on the plates: they pass through a thin carbon
foil of about 20 µg/cm2 placed perpendicularly to their direction. Following the
ion interaction with carbon, delta-electrons are emitted and successively accelerated
and bent onto the plates by a 45◦ electrostatic mirror placed, where a voltage of about
1 kV is applied. A MCP detector of this kind is shown in the scheme of Fig. 4.5 (left).

The burst of produced electrons is collected on a metallic anode. They gener-
ate negative output signals with amplitudes of 10-100 mV or more, depending on
the ions and on their energy, and a rise time of few nanoseconds. The geometry
of the detectors guarantees the isochronism of the signals generated by the elec-
trons, regardless of the crossing point in the carbon foil. Each MCP detector has a
transparency of 85%, due to the presence of several grids, whereas their measured
instrinsic efficiency is close to 100% for heavy ions.
The last detector of the telescope is an ionization chamber containing a silicon detec-
tor.

4.1.4 Electronic chain

The scheme of the electronics used for processing the signals from the monitors,
MCP, IC and Si detector is shown in Fig. 4.6.
Most of the electronic chain is built up using standard NIM modules, due to the
limited number of the parameters to be acquired and to the superior versatility of
such kind of modules.

The signals from the four monitors are fed to the preamplifier (CANBERRA
2003BT) which gives as outputs time and energy signals. The energy signals are
connected to the inputs of two ORTEC 855 dual fast shaping amplifiers. Despite us-
ing the lowest possible gain, the typical amplitude of the signals often exceeds the
range of the peak-sensitive Analog-to-Digital Converter (ADC), thus an appropriate
attenuator (Quad Rotary Attenuator) is employed. Finally, the signal is stretched by
an ORTEC 542 module, before it is processed by the ADC. The time signals follow
a different way. First they are amplified with a fast amplifier (ORTEC 9309-4) and
subsequently sent to a Constant Fraction Discriminator (CFD) model PHILLIPS 715.
The output signals of the CFD are sent to a gate generator (ORTEC GG8010) and
then to a logical unit, where the four monitor signals are put in OR with the time
signal of the silicon detector placed in the IC.

Each MCP provides a time signal. This signal is passed through a time pick-off
pre-amplifier (PHILLIPS 6955) and fed into the CFD (PHILLIPS 715). The output
signals of the CFDs are delayed and used as stop and/or start of the TAC module
ORTEC-566. Three TAC modules are currently in use providing three time of flight
signals (TOF). Each TAC is started by the signal of the detector with lower rate, in
order to prevent that the TAC receives signals not followed by a stop. Therefore,
the signals of the MCP, conveniently delayed, provide the stop for the two TACs,
measuring the time of flight between the first (second) MCP and the silicon detector,
referred to as TOF1 (TOF3). Another TAC is employed to measure the time of flight
between the two MCP (TOF2).

The electronic chain of the silicon detector is similar to the ones of monitors.
Following the pre-amplification, the energy signal is further amplified (CANBERRA
2024), sent to the linear gate and stretcher (ORTEC 542) and subsequently to the
ADC. The time signal feeds a fast amplifier and subsequently a CFD. Two output
signals of CFD are used as start of TOF1 and TOF3, while a third one is sent to the
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gate generator (ORTEC GG8010). The output of this gate generator is sent in logical
OR with monitors and the output of the logic unit provides the trigger which enables
the data acquisition. The full dynamic range of the ADC (i.e. 4096 channels) is used.

The ionization chamber with transverse field, used before that the new detector
was installed, provides an energy signal which passes through a pre-amplifier (OR-
TEC 2006E) and then is further amplified by a CANBERRA 2020 shaping amplifier.
The output feeds the linear gate and stretcher to be finally processed by the ADC.
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FIGURE 4.6: Electronic chain of the ionization chamber, the silicon
detector, the MCPs (shown on an exemple of one) and the monitors

(shown on an exemple of one).
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4.2 The ionization chamber

Ionization chambers are simple gas-filled detectors. Their operation is based on the
collection of all charges created by the direct ionization within the gas through the
application of an electric field. The electric field which separates the positive and
negative charge-carriers (ion pairs) can be either parallel (longitudinal IC) or per-
pendicular (transverse IC) to the particle’s trajectory.

The total number of ion pairs created along the radiation track serves as the basic
costituent of the electrical signal developed by the IC and depends linearly on the
energy the particle has lost in the gas volume of the chamber. This linear response
of the IC indicates that a fixed mean energy (defined as the W-value) is required in
order to create one ion pair. This energy amounts to about 30 eV. The independence
of W on the particle’s energy (at least above few hundreds keV) comes about because
the competition between ionization and excitation process is rather independent on
the energy and the amount of energy being transfered into kinetic energy of gas
atoms is negligible.

The ion pairs take part in the random thermal motion and therefore have the
tendency to diffuse away from regions of high density, with a more pronounced dif-
fusion for free electrons because of their greater thermal velocity.
Among the many type of collisions that take place between free electrons, ions and
neutral gas molecules, the most important in the understanding of gas-filled detec-
tors behavior are: the charge transfer collisions, electron attachment and the recom-
bination (Fig. 4.7). In particular, the last process occurs when the electron is captured
by the positive ion, returning into a charge neutrality state, or the positive ion col-
lide with a negative ion and both are neutralized through the transmission of the
extra electron to the positive ion. In both cases of recombination the charge of the
original ion pair is lost and consequently can not contribute to the signal. In order

FIGURE 4.7: Different types of interactions of charge species in a gas.
The interacting species are on the left whereas the products of such
interaction are on the right. These are the main interactions that can

influence the performances of gas-filled detectors.
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FIGURE 4.8: Electron drift velocity as a function of reduced electric
field for different gases [59].

to minimize the recombination process, the charge separation and collection should
be as fast as possible, and the employment of high electric fields are recommended
for this purpose.

When an external field is applied, the ions and electrons have a net motion as
result of the superposition of the random thermal velocity with a drift velocity in
the given field direction. This drift velocity is proportional to the ratio of the electric
field and pressure (defined as reduced f ield) through the mobility µ. The mobility
is nearly costant over a wide range of electric fields and for different gas pressures,
and for free electrons is usually 1000 times greater than for positive ions because
of their smaller mass. The typical collection time of electrons is then of the order
of microseconds, whereas for the ions it is of milliseconds. For this reason the IC
are usually operated in an electron sensitive mode, where the pulse amplitude of
the signal reflects only the electron drift and is characterized by faster rise and fall
times. Under these conditions the IC can therefore reach higher rates and shorter
shaping times of the amplifiers can be adopted.
Operating in the electron sensitive mode however has the disadvantage that the
pulse signal amplitude is sensitive to the position of the original radiation interac-
tion, not reflecting only the total number of ion pairs formed [58]. Frisch gridded
chambers allows to overcome this disadvantage [58].

The drift velocity depends also on the type of gas employed as shown in Fig. 4.8,
where the drift velocity is reported as a function of the reduced field for various
gases of common use. A saturation effect is observed in some gases as hydrocarbon
and some mixtures, whereas for other gases the drift velocity increases until a max-
imum, and then decreases at higher applied electric field. In many other gases the
electron drift velocity continues to increase with increasing electric field.

The ionization chamber basically allows to determine two important parame-
ters of the charged particles: the total energy, when the particle is stopped in the
chamber, and the nuclear charge Z, by measuring the differential energy loss in the
gas, plotted vs. the total energy. Very often IC, especially small size ones, are used
as energy loss detectors, whereas the total energy is measured by silicon detectors
mounted directly in the chamber. Additionally, ionization chambers can be made
position-sensitive by various methods [60]. This is of special importance for large-
size detectors.
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One advantage of ionization chambers with respect to solid state detectors, is
the possibility to be built with large size. In this way, a broad range of the angular
distribution of the emitted particles can be measured with one set-up and the large
solide angle saves beam time. Another advantage is that, at variance with solid
state detectors, ionization chambers are featured by negligible radiation damage for
commonly used gasses as methane, iso-butane of tetrafluor-methane (freon). Fur-
thermore, the dynamic range (i.e. the range of Z-values and energies which can be
measured simultaneously) is much broader than for a solid state detector telescopes
and the effective thickness of the detector can be easily adjusted to experimental
requirements by changing the gas pressure [60].

4.2.1 The ionization chamber in the PISOLO set-up

A conventional ionization chamber using a Frisch grid [58] has been used for several
fusion reaction measurements with stable beams at PISOLO (see Fig. 4.9).
The two parallel electrodes generate an electric field perpendicular to the beam line.
The advantage of this transverse field ionization chamber is a fast separation of the
formed ion pairs from the beam line. In addition, the Frisch grid removes the de-
pendence of the anode pulse amplitude on the transverse position of the interaction.
The cathode consists of one single plate of stainless steel, whereas the anode is seg-
mented into three parts of 8 cm, 6 cm and 14 cm. This division of the anode allows
to provide three differential energy loss signals which enable particle identification,
however in normal working conditions the three signals are combined in a single
one.

The pressure is chosen so that the ER lose about half of their energy in the gas,
and is therefore typically few mbar and up to 20-30 mbar, for fusion reaction studies.
The applied voltage is then chosen to maximize the electron drift velocity. The sep-
aration between the electrodes is 10 cm and the applied voltage in typical working
conditions is of about 300 V, so that the tranverse electric field is of about 3000 V/m.
The gas normally used is methane CH4, which is kept flowing during the measure-
ments in order to assure its purity, despite the interactions with crossing ions and the
impurities that may be produced by the walls and various components of the circuit.
The gas flow also reduces the recombination and assures a good energy resolution.

The beam ions and the evaporation residues enter in the chamber through one
thin Mylar window of 200 µg/cm2, pass through the gas and then they stop in a
600 mm2 silicon detector (100 µm thickness), which provides a signal proportional
to their residual energy. The transparency of the window is of 80%.

Anodes

Frisch - Grid

Cathode

Window
Silicon

detector

Slide 
valve

FIGURE 4.9: Scheme of the transverse field IC with Frisch grid of the
PISOLO set-up.
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FIGURE 4.10: Time of flight TOF1 vs. residual energy (left) and vs. the
energy loss (right), measured for 12C+30Si in inverse kinematics [61].
The energy of the 30Si beam was 51 MeV, which is above the Coulomb

barrier, therefore the ER energy was 33.6 MeV.

In Fig. 4.10 the time of flight is shown as a function of the energy loss provided
by the IC (right) and the residual energy of the silicon detector (left). The ER are
well identified and separated from the degraded beam even in this case where the
reaction was studied in inverse kinematics [61].

The counting rate of this IC is limited to a few 103 particles per second (pps). This
limit originates from the distance between the two electrodes because the electrons
generated along the particle trajectory must travel relatively long distances to reach
the anode planes.

4.3 The Fast IC

4.3.1 Upgrading the PISOLO set-up

As mentioned in Chapter 3, the detection of evaporation residues (ER) is a difficult
task when radioactive ion beams are employed in fusion studies. This detection
becomes more challenging at very forward angles and in inverse kinematics. In
addition, radioactive beams are usually highly contaminated by other elements with
similar masses and energies.

Under these experimental conditions, detection systems should provide an effi-
ciency close to 100%. Therefore, it is very important to design detectors minimiz-
ing energy straggling and angular dispersion and providing a fast response time.
Gas−filled ionization chambers are well suited for these applications, since they
have a moderately good energy resolution and can withstand prolonged exposure
to high beam intensities without damage, in contrast to fragile semiconductor detec-
tors.

The present PISOLO set-up has been largely employed in fusion reaction studies
near and below the Coulomb barrier, with several interesting results [61, 62, 63].
The use of unstable beams allows to extend this investigation to regions far from
stability where nuclear structure changes substantially. However, the experimental
set-up described above is not suitable for such studies because of its low absolute
efficiency, typically less than 1% for the detection of evaporation residues.

This low efficiency is due to i) the geometrical structure of the apparatus whose
effective solid angle is very small because of the length of electrostatic deflector and
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FIGURE 4.11: Time of flight TOF1 as a function of the energy loss pro-
vided by the ionization chamber (right) and of the residual energy
measured by the silicon detector (left). The reaction is 12C+30Si stud-
ied in inverse kinematics. At variance with Fig. 4.10, the energy of
this measurement is 39 MeV, i.e. below the Coulomb barrier. The ER
are not easily identified through the energy signals provided from the
IC, because of the high background, which increases at low energies

because of the longer time of measurement.

the subsequent telescope, and ii) to the low counting rate tolerated by the ionization
chamber. One way to increase the efficiency is to place the apparatus in the direction
of the beam and as close as possible to the target, without any electrostatic beam
separation. This requires using very fast detectors. While MCP detectors have a very
fast response, and can withstand rates up to hundreds of kHz, the conventional IC
used in PISOLO can only work up to a few kHz, and therefore would anyway limit
the performance of the whole set-up.

The low counting rate of the transverse field ionization chamber depends on
the large distance between the two electrodes. The anode pulses have various time
delays which depend on the distance of the particle tracks from the Frisch grid. The
spread of these delays hampers high-rate operation of gridded ionization chambers.
In particular, this limit becomes clear in one of the last measurements where a sub-
barrier fusion study of the system 12C+30Si in inverse kinematics was performed [61].
Figure 4.11 shows the plots of TOF1 vs. the residual energy provided by the silicon
detector (left panel) and vs. the energy loss ∆E provided by the IC (right panel). The
beam energy was 39 MeV, which is of about 10% below the barrier. At such energies
the ER are not identified in the plot TOF1 vs. ∆E because of the high background
due to random coincidences. This example shows that the IC is not suitable for ER
identification at very low energies.

A set-up with high efficiency was built at Oak Ridge National Laboratory (ORNL)
for the study of fusion reactions with exotic beams [56], shown schematically in
Fig. 4.12. With a typical beam intensity of 20000 ion/s and a target thickness of
1 mg/cm2, the lowest measured ER cross section reached by this set-up was 1 mb[64].
Following the good performance of the ORNL equipment, a new set-up based on the
use of fast ionization chamber has been developed and will be installed at LNL, with
the aim of significantly improving the performance of the ORNL equipment, both
from the point of view of the solid angle and allowing measuring at high counting
rates. The scheme of the new set-up is shown in Fig. 4.13. It has been specifically
designed for the use with relatively low-intensity beams (105 ion/s) and should al-
low, thanks to the high counting rate capability of the new ionization chamber, to
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FIGURE 4.12: The ORNL set-up for measurements of fusion with ex-
otic beams [56].

measure the fusion excitation function down to around 100 µb.
In the new configuration, the detection system will be placed at 0◦ with respect

to the beam in the following sequence (see Fig. 4.13): two MCP position-sensitive
detectors upstream of the target and a third position-sensitive MCP and a fast ion-
ization chamber, placed very close to the third MCP, downstream of the target to
identify ER events. The first two MCPs will provide the event trigger and will be
used to monitor the beam quality and direction, to get rid of unwanted beam-like
components, to normalize the cross sections and to yield a timing reference. Exploit-
ing the lower velocity of the ER with respect to the beam, the events with a longer
time of flight between the 2nd and 3rd MCPs will be selected. The third MCP will
also allow to examine the beam profile, verifying that the beam is well centered,
and possibly measure the ER angular distribution. The distance of this third MCP
from the target will be chosen according to the contrasting needs of simultaneously
maximizing the efficiency for detecting ER and the time of flight difference between

Beam

Target

MCP1 MCP2 MCP3 Fast IC

FIGURE 4.13: Scheme of the upgraded PISOLO set-up for the low
intensity beams of SPES. From the left: the electrostatic deflector in
transmission (no field applied), the first and second MCP, the reaction

chamber, the third MCP and the fast IC.
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FIGURE 4.14: Scheme of the fast ionization chamber at LNL. Some
dimensions are given.

beam and ER events. The energy-loss and the total energy signals from the IC will
discriminate the ER according to their atomic numbers.
When the high intensity beams (107-108 pps) of SPES will be available, their physical
separation from the reaction products will be necessary. Under these conditions, a
configuration similar to the one currently in use for fusion studies induced by stable
beams will be adopted, by placing the target in the sliding seal reaction chamber (see
Fig. 4.3). The existing electrostatic beam deflector will be therefore used and placed
between the target and the detection system made up of the three MCPs and the IC.
As an alternative, a reduction in the random background count rate can be achieved
by introducing a small, precisely placed, beam stop made of heavy material in front
of the third MCP detector. This configuration would result in a lower efficiency for
ER detection, but lead to a significant reduction in the random coincidence rates.

In order to allow higher counting rates in the IC of the upgraded set-up, a fast
ionization chamber (Fast IC) has been developed at LNL.
This new IC is based on an existing detector described by Kimura et al. [65]. They
introduced a new design based on multiple tilted parallel electrodes made of thin
conductive foils. This IC was employed for high-energy heavy ion detection at the
RIKEN accelerator facility. The new design significantly improves the counting rate
capability and is effective in the separation of different particle species. The Frisch
grid is not necessary because the electrodes are approximately perpendicular to the
trajectories of incoming particles. A similar design was adopted by Chae et al. [66]
for a new fast-counting ionization chamber developed at Oak Ridge National Lab-
oratory for low energy measurements. This second ionization chamber differs from
the previous one because the electrode planes are replaced by grids in order to avoid
the energy losses that occur when charged particles pass through the foil electrodes
used in Kimura design. Another improvement of this last ionization chamber is a
tilted entrance window. This implementation is very important for the detection of
low-energy particles, because in this way the passive thickness is reduced before the
first anode.
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FIGURE 4.15: A gridded electrode (left) and the entrance window
(right).

4.3.2 The fast ionization chamber at LNL

A schematic view of the new fast ionization chamber developed at LNL is shown
in Fig. 4.14. Its structure is very simple: six anodes and seven cathodes are alter-
nately placed in 20 mm steps and tilted of 30◦ with respect to the perpendicular to
the beam line. The electric field is not parallel to the beam axis, so that the electrons
and positive ions produced in the gas drift away from each others, which allows
to minimize the recombination. In addition, the alternating electrode arrangement
results in short drift time for the electrons and positive ions to be captured by anode
and cathode, respectively.

The 13 electrodes are inserted in a insulating Delrin support allowing an easy

Tilted support of the 
entrance window

Delrin support

Ionization chamber 
container

Gridded electrodes

FIGURE 4.16: The various components of the IC.
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FIGURE 4.17: The fully assembled fast ionization chamber.

and fast replacement of electrodes if damaged. Each electrode has a 10 cm x 10 cm
copper coated fiberglass frame. The frames have 6 cm diameter circular openings
and 20 µm gold coated tungsten wires are soldered to them with 1 mm spacings. As
shown in Fig. 4.15 (left), each wire is individually soldered to the copper frame so
to allow replacing damaged wires without affecting nearby ones. The total depth of
the IC is 30 cm.

Each anode is connected to a single BNC feedthrough whereas the cathodes are
combined and grounded. In this configuration a signal of energy loss ∆Ei is pro-
vided by each section between two adjacent cathodes. These signals can be easily
manipulated outside the chamber. They can be summed to give a total energy sig-
nal, otherwise different options can be configurated without opening the IC.

The entrance window is parallel to the electrodes (tilted by 30◦) and is made
of a thin Mylar (C10H8O4)n film glued on a metallic mesh, having a thickness of
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FIGURE 4.18: RC circuit of the fast ionization chamber. The cathodes
are all grounded whereas the signals provided by the anodes are ex-
tracted. All the resistors, indicated as "R" are 100 Ω and the capacitors

"C" are 10 µF.
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FIGURE 4.19: On the left the arrangement for the α-test. On the right
a picture of the set-up installed in the vacuum chamber.

200 µg/cm2 (Fig. 4.15 right panel). The film and the mesh are fixed on a metallic
flange attached to the tilted support, as shown in Fig. 4.16. This configuration allows
to easily replace the window, and to keep constant the distance between the window
and the first cathode. This geometry is important for low-energy ion detection, to
have a small dead space in the gas independent of entrance position.

As discussed in the previous section (Sec. 4.2), when an incident particle goes
across the ionization chamber, a fast negative voltage pulse is obtained from the
anodes due to the electron collection. Since the mobility of electrons is typically three
orders of magnitude greater than that of positive ions, only the electron part of the
anode pulse is sufficient to obtain the energy loss information, disregarding the part
due to positive ions. The output pulses are proportional to the energy released by
the ion in the various sections, and they are fed into charge-sensitive preamplifiers.

The layout of the circuit which allows to polarize the six anodes and to extract
the energy signals is shown in Fig. 4.18. The circuit for the single anode output sig-
nal is the typical one used in pulse operational mode [58].
Each output from the anodes of the ionization chamber is preamplified and sub-
sequentely fed into pulse-shaping amplifiers. To optimize the performance of the
ionization chamber, various types of preamplifiers and amplifiers have been tested,
as described in the next chapter. The output of the shaping amplifier feeds the linear
gate and stretcher to be finally processed by the ADC (as shown in Fig. 4.6).

4.3.3 First test with alpha source

A first test with an alpha source was performed on a prototype of the detector. This
prototype was a single module of the IC made up of two cathodes and one anode
placed in between.

The test was performed by placing the module between the source and a silicon
detector (50 mm2), which was used to trigger the signal provided by the module.
Figure 4.19 shows a picture (right) and a scheme (left) of the adopted set-up. The
module was placed at 45◦ with respect to the axis between the α-source and the sili-
con detector in order to simulate the tilted configuration of the IC. Both α-source and
detector were placed in a vacuum chamber first pumped down to vacuum and then
filled with CH4 gas at 200 mbar. In order to detect the α particles, the gas pressure
was higher than the one normally adopted in working conditions and consequently
the voltage applied to the module was 1 kV.
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FIGURE 4.20: The output signal of the IC module obtained in the test
with alpha particles (see text).

The cathodes were grounded whereas the signal of the anode was first pro-
cessed with a RC circuit (as the one showed in Fig. 4.18) and passed through the
pre-amplifier and the CANBERRA 2020 amplifier (with a shaping time of 2 µs).

The output of the shaping amplifier is shown in Fig. 4.20. The signals have
an average amplitude of 160 mV and a noise of 10 mV. Following the good result
obtained on the single module, several tests with intense stable beams have been
performed and are described in the next chapter.
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Chapter 5

Tests of Ionization Chamber with
stable beams

5.1 Tests with stable beams

The performance of the fast ionization chamber has been tested in different fusion
and transfer reactions with stable beams. At the Laboratori Nazionali di Legnaro
heavy ion beams are delivered by the Tandem–ALPI–PIAVE accelerator complex
[67, 68]. The Tandem XTU is a Van de Graaff accelerator and can be employed in
stand–alone mode or as an injector for the linac booster ALPI. At present, the accel-
erator complex delivers ion beams of stable isotopes from proton to lead.
A total of four reactions have been performed in five different tests, each one-day
long:

• 28Si+100Mo: The Tandem accelerator provided a 28Si beam on a 100Mo target at
the energy of 125 MeV. The target thickness was 150 µg/cm2 on a 15 µg/cm2

carbon backing. The averange current was 5 pnA;

• 58Ni+28Si: A 58Ni beam was delivered by the Tandem accelerator on a 28Si tar-
get at the energy of 190 MeV. The target thickness was 50 µg/cm2 on a 30 µg/cm2

carbon backing. The average current was 4 pnA;

• 64Zn+54Fe,197Au: The PIAVE-ALPI accelerator provided a 64Zn beam at the en-
ergy of 275 MeV. The intensity of the beam was about 3 pnA. The 54Fe target
was 40 µg/cm2 thick on a 15 µg/cm2 carbon backing. The 197Au target thick-
ness was 200 µg/cm2.

In all the measurements, the fast ionization chamber replaced the transverse field
ionization chamber in the experimental set-up (see Chapter 4.2.1 and Fig. 4.14 for
the details).

The new detector has been tested in different configurations by employing vari-
ous electronic module parameters (shaping time, veto, trigger gate, . . . ) and physics
conditions (gas type and pressure, detection angle, type of reaction).

For the various systems listed above, several tests were also carried out to ver-
ify the performance of the IC by adopting the MCP signal as the trigger of the data
acquisition system (DAQ). In typical working conditions used in fusion studies, the
residual energy of ER is measured by the silicon detector (covering the small solid
angle of dΩ = 0.0358± 0.0004 msr), which provides the trigger for the DAQ (Chap-
ter 4). This avoids overloading the DAQ with useless events missing the residual
energy signal, but of course the absolute efficiency of the whole set-up is determined
by the solid angle of the silicon detector. If ER are stopped within the IC, on the con-
trary, using the time signals of MCP1 (see Fig. 4.3) as trigger of DAQ, the effective
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solid angle increases to (0.2359± 0.0004) msr. This situation encourages the choice
of using the MCP as DAQ trigger, also because the future heavy SPES beams would
quickly damage the silicon detector, as described in Chapter 3, due to their relatively
high intensity not filtered out by the electrostatic deflector as in the previous version
of PISOLO.

Another key point is that the present DAQ of the PISOLO set-up can not handle
a high rate (more than ∼ 18 kHz), which will be reached because of the geometry
and absence of the electrostatic deflector foreseen in the upgraded set-up for the
SPES beams. The main limit is originated by the fact that when the data server is
busy saving previous data, a veto signal is produced and fed into the DAQ system
to prevent additional events from being processed. This causes a long dead time.
Various tests have been anyway performed with very high counting rates in the IC,
measured by a scaler, even if not all those events could be effectively handled by the
DAQ system.

The following sections report on the most important results which were ob-
tained.

5.1.1 Shaping time and the acquisition gate width

Initial tests were performed on the shaping time that has to be set on the amplifier be-
cause at very high counting rates, such as expected with SPES beams, pile-up effects
and random coincidences may significantly deteriorate the quality of the acquired
data.

Pile-up of signals may occur when two pulses from the same detector are very
close in time to each other. This produces a single pulse with an amplitude equal to
the sum of the two ones. This effect can be minimized by making the width of the
pulses as small as possible and this condition is reached by adopting a shorter shap-
ing time. This results in a faster return to the baseline and reduces the probability of
having pile-up events at high counting rates.

Random coincidences, as the word suggests, are generated when two signals
from different detectors, not related to the same physical event, are so close in time
that they arrive within the same trigger gate. The rate of random coincidences
(Rrandom) is given by:

Rrandom = R1 ∗ R2 ∗ ∆T (5.1)

where R1 and R2 are the counting rates of the two detectors and ∆T is the time width
of the trigger gate (coincidence time). It is then clear that having fast signals from
detectors allows to reduce ∆T and consequently the rate of random coincidences
that produce background in two dimensional spectra. Additionally, the effect of
noise has to be considered. By definition, noise is an undesired fluctuation that gets
superimposed on a signal. A typical noise that affects ionization chambers is the
microphonic one, which is due to vibrations transmitted to the detector-preamplifier
and can generate small fluctuations in capacitance, that results in a modulation of
the output signal. Using short shaping times minimizes this contribution to the total
noise.

Shaping time tests have been performed employing the fusion reaction 28Si+100Mo
in direct kinematics. The applied voltage provided to the ionization chamber was
100 V and the gas was CH4 at the pressure of 16 mbar. The pressure was chosen
to ensure that the ER reached the silicon detector so that its time signal was em-
ployed for both the trigger of DAQ and the start of the two times of flight TOF1 and
TOF3 (see Fig. 4.3). During these tests the signals provided by the anodes have been
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FIGURE 5.1: Time of flight TOF1 as a function of the total energy loss
∆E provided by the fast ionization chamber using a shaping time of

1 µs (left panel) and 0.25 µs (right panel).

summed to have a unique total energy loss ∆E signal. The amplifier and preamplifier
used were Canberra2020 and ORTEC2006E, respectively. Two measurements have
been carried out using shaping times of 1 µs and 0.25 µs for the CANBERRA2020. In
Fig. 5.1 the time of flight TOF1 is plotted as a function of the energy loss for the two
measurements.

The quality of the spectra, judged by the resolution and separation of the evap-
oration residues from the beam like particles is not affected by the use of the very
short shaping time of 0.25 µs (Fig. 5.1, right panel). In order to estimate the improve-
ment obtained using a smaller shaping time, the ratio of the random background
events to the total number of events (which includes beam, evaporation residues
and background), defined as Nnoise/Ntotal , has been calculated for the two measure-
ments. As shown in the Table 5.1, this ratio is smaller by 21% for the shaping time of
0.25 µs. Therefore a shaping time of 0.25 µs was used in all subsequent tests.

The availability of fast signals allows to reduce not only the shaping time but also
the width of the gate of the data acquisition. The choice of the width is strictly related
to the type of signals that have to be acquired. The slow response of the transverse
field ionization chamber, with respect to the other detectors in use, imposed a gate
width not shorter than 4 µs. It is expected that the response of the fast ionization
chamber allows to overcome this limit and to reduce the width of the gate.

In order to check this, two measurements have been performed using fusion re-
actions both in direct and inverse kinematics. For the direct reaction 28Si + 100Mo
gate widths of 4 µs and 2 µs have been used. As in the case of the shaping time test,
the applied voltage was 100 V and the pressure of CH4 gas was 16 mbar. In this test,
the MCP placed closest to the ionization chamber (defined as MCP1 in Fig. 4.1) pro-
vided the trigger for the data acquisition. The anodes have been combined in two
energy loss signals (∆E1 + ∆E2 + ∆E3 and ∆E4 + ∆E5). The plots showing the time
of flight TOF2 as a function of the two energy losses are reported in Fig. 5.2. The

TABLE 5.1: The Nnoise/Ntotal values for the measurements performed
employing different shaping times.

Reaction Shaping time (µs) Nnoise/Ntotal (%)
28Si+100Mo 1.00 0.327 ±0.006

0.25 0.258 ±0.005
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FIGURE 5.2: Time of flight TOF2 as a function of the combined energy
loss signals provided by the anodes ∆E1, ∆E2 and ∆E3 (upper panels)
and ∆E4 and ∆E5 (bottom panels). The spectra obtained using a gate
width of 4 µs and 2 µs are on the left and right panels, respectively.

measurements have been performed at a detection angle of 0.5◦ with a beam current
of 10 pnA. Under these conditions, the counting rate of the ionization chamber was
13 kHz and the background was reduced in the case of 2 µs gate width, as shown

FIGURE 5.3: Time of flight TOF1 as a function of the total energy loss
∆E provided by the fast ionization chamber using a gate width of 4 µs

(left panel) and 1 µs (right panel).
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in Fig. 5.2 (left panel) (the two measurements have been performed in comparable
acquisition time). Also for this test, in order to estimate the improvement obtained
using narrower acquisition gates, the ratio Nnoise/Ntotal has been calculated, and its
values are reported in Table 5.2. The use of a 2 µs gate results in a reduction of the
Nnoise/Ntotal of ∼16% (1.562/1.855) and ∼11% (0.764/0.858) for the combination of
the first three and the last two anodes’ signals, respectively.

In the case of the fusion reaction 58Ni+28Si in inverse kinematics, the measure-
ments were taken with gates of 4 µs and 1 µs. The silicon detector provided the
trigger and start signals of the time of flights. The pressure of the gas (CH4) was
30 mbar and the applied voltage 300 V. During these measurements the preampli-
fier Mesytec MS-L16 and the Fast Spectroscopy Amplifier Canberra 2024 have been
employed, and the anodes’ signals have been combined in a single energy loss sig-
nal. Also in this inverse kinematic reaction a good quality of ER separation from the
residual beam particles is obtained by using a 1 µs gate width, as shown in Fig. 5.3
(right panel). The fusion on the carbon backing of the target and on the oxygen (orig-
inated from the target oxydation) is also well identified. The noise to total ratio for
the measurements performed with 4 µs and 1 µs gate are shown in Table 5.2. The
shortest width of 1 µs gives a reduction of 20% of the Nnoise/Ntotal .

TABLE 5.2: The Nnoise/Ntotal values for the measurements performed
employing different gate widths and different reactions.

Reaction Gate (µs) Nnoise/Ntotal (%)
28Si+100Mo

∆E1+∆E2+∆E3 4 1.855 ±0.004
∆E4+∆E5 4 0.858 ±0.001

∆E1+∆E2+∆E3 2 1.562 ±0.004
∆E4+∆E5 2 0.764 ±0.001
58Ni+28Si

Σ∆E 4 1.09 ±0.04
Σ∆E 1 0.88 ±0.03

5.1.2 Transparency of the electrodes

One of the important parameters for the use of this IC is the transparency of the elec-
trodes, defined as the fraction of ions which pass through a given electrode.
Gridded electrodes avoid the additional energy loss which occurs when charged
particles pass through the electrode planes (as in the case of the IC described in
[65]). In the present case, a fraction of particles is stopped by the wire grids, result-
ing in a reduction of the transmitted beam and evaporation residues during fusion
experiments. Knowing the transparency of each electrode is therefore necessary to
evaluate the cross section. From simple geometrical considerations one can expect
that the transparency of each grid is given by

Transparency = 1 − wire thickness
wire spacing

= 0.98 (5.2)

Nevertheless, this has been checked using both fusion and scattering reactions.
In order to identify and count the particles stopped by the wires, the MCP1 detector
was used to provide the trigger for the data acquisition, since the particles which
reach the silicon detector pass anyway through all electrodes.
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FIGURE 5.4: Time of flight between the two MCPs (TOF2) as a func-
tion of the sum of energy loss of signals provided by three anodes.

The ER stopped in the electrodes’ grids are well identified.

The study of transparency in fusion reactions has been performed for the case
of 58Ni+28Si reaction in inverse kinematics, where the experimental conditions have
been reported in Sec. 5.1. Fig. 5.4 shows TOF2 as a function of the energy loss ob-
tained by combining three anodes ∆E3 + ∆E4 + ∆E5. On the left of ER, groups of
particles stopped in the three anodes wires are well visible. All of them have the
same TOF2 but different energy losses. In Fig. 5.5 (left panel) the energy loss signal
∆E3 + ∆E4 + ∆E5 is plotted as a function of ∆E1 + ∆E2. By selecting the ER observed
in Fig. 5.4 including also the stopped ones, we obtain the spectrum shown in Fig. 5.5
(right panel), where the ER show up very clearly.
By counting the ER events in each island, the average transparency for each elec-
trode is estimated to be (97.76±0.05)% , very close to the geometrical value.

The transparency has also been measured in the quasi-elastic reaction 64Zn (beam
at 275 MeV) on 197Au. The scattered beam particles have been detected at 30◦ with a
CH4 pressure of 200 mbar, that stopped them within the IC. A voltage of 200 V was
applied and the Mesytec MS-L16 preamplifier and Mesytec MSCF16 amplifier were

FIGURE 5.5: Energy loss signal provided by the three anodes
∆E3 + ∆E4 + ∆E5 as a function of the energy loss in the first two
ones ∆E1 + ∆E2. The plot on the right shows the ER stopped in the

∆E3 + ∆E4 + ∆E5 - TOF2 matrix (see Fig. 5.4).
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FIGURE 5.6: Time of flight TOF2 as a function of the total energy loss
Σ6

i ∆Ei (left panel) and of the energy loss signal provided by the first
anode ∆E1 (right panel). The scattered beam particles stopped by the

electrodes are highlighted with the gates.

employed. In particular, the Mesytec amplifier can provide the individual signal of
each electrode and their sum. Fig. 5.6 (left panel) shows the time of flight TOF2 as a
function of the total energy loss Σ6

i ∆Ei. The most intense particles group was pro-
duced by the scattered beam. On the left side there is a series of groups with the
same time of flight and different energy loss. Those groups are formed when incom-
ing particles are stopped by the tungsten wires on one of the thirteen grids which
provide the Σ6

i ∆Ei energy loss signal. A similar situation is shown in the matrix of
Fig. 5.6 (right panel), where the time of flight TOF2 vs. the energy loss from the first
anode ∆E1 is plotted. The scattered particles stopped in the first anode and cathode
are distributed horizontally on the left side of the scattered beam.
At 30◦ also the recoiling 197Au nuclei were detected even if their energy allowed
them to only reach the fourth anode. This is clearly visible in the spectrum of ∆E1
vs. Σ6

i ∆Ei in Fig. 5.7. The heavier recoiling 197Au nuclei have a higher energy loss
∆E1 with respect to the scattered beam. The corresponding events stopped by the
wires are visible.
By selecting only the scattered beam, the particles stopped in each electrode have

FIGURE 5.7: Matrix of the energy loss ∆E1 vs. energy loss Σ6
i ∆Ei. The

scattered nuclei of 197Au and 64Zn are shown as well as their fraction
stopped by the electrodes.
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been identified and the transparency has been calculated for each of them. The av-
erage transparency of the electrodes is (97.95±0.04)%, which is compatible with the
value obtained for the fusion reaction.
The average transparency of one electrode, obtained in the two tests, is (97.88±0.03)%.
The transparency of the tilted entrance window is of 69.3%, so that the overall trans-
parency of the ionization chamber is ∼52.5%, if all the thirteen grids are employed.

5.1.3 Direct and inverse kinematics reactions

The electrostatic deflector has been used in several studies involving both direct and
inverse kinematics fusion reactions. From an experimental point of view, inverse
kinematics reactions are more challenging, since the electric rigidities of the beam
particles and of the ER are similar. Therefore, the ER and the transmitted beam par-
ticles are less separated from each other with respect to a direct kinematics case. Re-
cently, a fusion reaction in inverse kinematics has been succesfully performed using
a 30Si beam on a 12C target [61]. For this measurement the transverse field ionization
chamber was used. The fast IC has to be able to work in inverse kinematics reactions
with both stable and radioactive beam, at high counting rates.

The first exotic beams produced by SPES will be of neutron-rich radioactive nu-
clei with mass in the range 90-160 [54]. The emphasis on neutron-rich isotopes is
justified by the fact that this region of the isotope chart has been little explored so far
(except for some decay and in-beam gamma spectroscopy following fission) and un-
expected phenomena may show up from studies of reaction dynamics. Interesting
fusion reactions will be therefore studied with the first SPES beams, as mentioned in
3.2.3.

Test measurements using inverse kinematics have been performed for the fast IC
to resemble the future SPES experiments.
The system 58Ni + 28Si has been studied. The typical configuration for sub-barrier
fusion reaction studies has been adopted, where the separation and identification of
ER from the transmitted beam is performed by using the electrostatic deflector and
the subsequent detector telescope. A good separation of the ER from the beam has
been observed, as well as the identification of the ER from the fusion of 58Ni on the
target C backing and on oxygen generated by target oxydation. This is shown in
Fig. 5.3, where the time of flight TOF1 is plotted as a function of the energy loss. As
discussed in Sec. 5.1.1, the width of the DAQ gate was 1 µs and a shaping time of
0.25 µs for the amplifier was used.

5.1.4 Counting rates

The relatively low intensity of the radioactive beams available in the first phase of
SPES, makes it impossible to measure fusion reactions with low-efficiency set-ups.
An interesting possibility will be placing a detector right along the beam path and
detecting the forward-peaked ER with almost 100% efficiency. For this purpose,
detectors which can withstand high counting rates have therefore to be employed
because of the overwhelming beam and beam-like background. With respect to the
transverse-field IC, the collection time has been reduced by a factor of ∼5 in the fast
IC, as the distance between the anode and the cathode is smaller. This enables ER
identification at high-rate.

In order to test the high-rate performance of the new IC, several tests were per-
formed in both direct and inverse kinematics. High counting rates were obtained by
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changing both the beam current and the detection angle. The shaping time 0.25 µs
was adopted in all the measurements. The DAQ was triggered by MCP1 signals.

The inverse kinematic fusion reaction 58Ni+28Si was performed with different
rates by placing the set-up at detection angles close to 0◦. The signals provided by
the anodes were combined in two energy loss signals ∆E1 + ∆E2 and ∆E3 + ∆E4 + ∆E5.
The pressure (30 mbar) did not stop the ER inside the ionization chamber so that an
energy signal was provided also by the silicon detector. The set-up was placed at
0.5◦ with a beam current of 10 pnA. In this condition the counting rate of the IC was
about 11 kHz. Figure 5.8 reports the 2D spectra of the time of flight TOF3 as a func-
tion of the energy (E) provided by the silicon detector and the energy loss (∆E1 + ∆E2
and ∆E3 + ∆E4 + ∆E5) signals. At this rate the background is high, so that a quanti-
tative identification of ER is not easy. The background has been therefore reduced
off-line by imposing software conditions. In particular, in one case the ER have been
selected as shown in the matrix TOF3-E (Fig. 5.8 upper left panel). In the second case
the ER identified through the energy loss signals have been used, which are shown
in the 2D spectrum ∆E3 + ∆E4 + ∆E5 vs. ∆E1 + ∆E2 of Fig. 5.8 (upper right panel).
The matrices obtained with these conditions are plotted in Fig. 5.9, where the time
of flight TOF3 as a function of the two energy loss ∆E1 + ∆E2 (upper panels) and
∆E3 + ∆E4 + ∆E5 (bottom panels) are shown for the two selection gates. In this way

FIGURE 5.8: (Upper left panel) Time of flight TOF3 (silicon detector
- MCP2) as a function of the energy E signal provided by the silicon
detector. The ER used for the first software selection are inside the
gate. (Upper right panel) Energy loss signal ∆E3 + ∆E4 + ∆E5 plotted
as a function of the energy loss ∆E1 + ∆E2. The ER inside the gate
have been used for the second software selection. (Bottom panels)
Time of flight TOF3 as a function of the energy loss signals ∆E1 + ∆E2

(left panel) and ∆E3 + ∆E4 + ∆E5 (right panel).
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FIGURE 5.9: Time of flight TOF3 as a function of the energy loss sig-
nals ∆E1 + ∆E2 (upper panels) and ∆E3 + ∆E4 + ∆E5 (bottom panels).
On the left a software selection of the ER detected in the matrix TOF3-
E (Fig. 5.8 upper left panel) was performed. On the right the selec-
tion was done on the ER detected in the matrix ∆E3 + ∆E4 + ∆E5 -

∆E1 + ∆E2 (Fig. 5.8 upper right panel).

ER

215mm

Ion trajectories Ion trajectories

Beam like
 particles

FIGURE 5.10: Ions trajectories in the x-y projection of the IC estimated
for the ER (on the left) and the beam (on the right) of the fusion re-
action 28Si + 100Mo. The simulations were performed with the SRIM
program [69]. In the simulation of ER, 123Cs ions have been consid-
ered since they have the highest probability to be formed after the
evaporation of the compound nucleus (according to PACE4 [70]). The
estimated energy of the 123Cs ions is 31.5 MeV. In the case of the beam,
28Si ions at the energy of 125 MeV have been considered. The simula-
tion includes the crossing of the Mylar window (200µg/cm2) and the

methane gas at a pressure of 50 mbar.
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the beam-like particles are removed and the background reduced. The selection on
the ER detected by the silicon detector (Fig. 5.9 left panels) leads to a more apprecia-
ble reduction of the background with respect to the case of the energy loss signals of
the IC (Fig. 5.9 right panels). The ER counts obtained by the two selection methods
are consistent.

Higher rates have been reached in the 28Si + 100Mo reaction, where 28Si beam had
the energy of 125 MeV (above the barrier). During this measurement the pressure in-
side the chamber was 50 mbar in order to stop the ER before the fifth section. Indeed,
as shown in Fig. 5.10 , at the chosen pressure the heavier ER have a range of ∼21 cm
(left panel), whereas the beam ions pass through all the detector length (right panel).
So the last section of the IC can provide a veto signal to the DAQ for the beam-like
particles, which will not be acquired. More details about the advantages of imposing
a veto on the sixth IC section will be discussed later.

FIGURE 5.11: Time of flight TOF2 (MCP1 - MCP2) as a function of the
energy loss signals ∆Ei (with i = 1, 2, 3, 4, 5) and of their sum Σ5

i ∆Ei
at the rate of 34 kHz.
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FIGURE 5.12: Time of flight TOF2 as a function of the energy loss sig-
nals ∆Ei (with i = 1, 2, 3) and of the sum Σ5

i ∆Ei at the rate of 34 kHz.
The background of beam like particles events detected by the forth
and fifth modules (reported in the matrixes TOF2- ∆E4 and TOF2-

∆E5 of Fig. 5.11) were removed by software.

The shaping amplifier Mesytec MSCF16 has been employed in order to acquire the
signals provided by each anode and their sum. As in the previous reaction, the
MCP1 was used for the trigger of data acquisition.
Figure 5.11 shows the plots obtained using the time of flight TOF2 as a function of
the energy loss signals provided by each section ∆Ei (with i = 1, 2, 3, 4, 5) and by
their sum Σ5

i ∆Ei. The set-up was placed at 0◦ with a beam current of 10 pnA. In this
conditions the counting rate of the IC was about 34 kHz. Since the ER were stopped
before the fifth section of the IC, the plot of the TOF2 vs. ∆E5 shows only beam like
particles and background signals. Due to the wide energy distribution of the ER a
small part of them are detected by the fourth section ∆E4. Removing by software the
background and the beam like particles events detected by fourth and fifth sections,
the ER are more clearly identified in the 2D spectra of TOF2 vs. ∆E1,2,3 and vs. the
total energy loss Σ5

i ∆Ei, as shown in Fig. 5.12.
The highest rate measured in the IC is 139 kHz. This has been reached at 0◦ with a
beam current of 5 pnA. The 2D spectra of the time of flight TOF2 vs. ∆E1,2,3 and of
the total energy loss Σ5

i ∆Ei, are shown in Fig. 5.13. Also in this case, the background
was reduced by removing unwanted events detected by the fourth and fifth anodes.
The background is still high but less with respect to the case where no selections
were applied and it is possible to identify the ER. In addition, by selecting the ER
detected by the first section ∆E1 (upper left panel of Fig. 5.13) a further background
reduction is possible in the TOF2 vs. Σ5

i ∆Ei matrices as shown in Fig. 5.13 (bottom
panel). This selection allows a clear identification of the ER. The events on the left
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FIGURE 5.13: Time of flight TOF2 as a function of the energy loss sig-
nals ∆Ei (with i = 1, 2, 3) and of the sum Σ5

i ∆Ei at the rate of 139 kHz.
In the bottom panel the TOF2 is plotted as a function of the total en-
ergy loss Σ5

i ∆Ei following a further selection of the ER detected in the
first module of the IC (upper left panel).

of the main ER island are ions stopped by the various electrode grids. These results
demonstrate the capability of the Fast IC to work at very high counting rates, much
higher than the few kHz reachable with the transverse-field IC.

5.1.5 Test with different gases

The performance of the IC has been tested at high counting rates using two gases
methane (CH4) and freon (CF4). An important gas property is the stopping power,
which determines the pressure required to stop the ions over a certain distance. The
stopping power of freon is higher than the one of methane. Therefore, in the same
pressure conditions the ions have a shorter range in CF4 with respect to CH4. This
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is shown in Fig. 5.14 where the range of 123Cs ions in the two gases is plotted as a
function of the energy. At the pressure of 50 mbar the range in freon (red line) is
about 2.5 times shorter with respect to methane (blue line). On the other hand, since
freon is an electronegative gas, the electrons produced following ionization have
a tendency to attach to neutral gas atoms, thus producing negative ions that may
deteriorate the signal. Another disadvantage of freon is the possibility of producing
the hydrofluoric acid which can damage the wires of the electrodes and the mylar of
the entrance window.

The two gases have been employed in two different measurements of the same
fusion reaction 28Si+100Mo. The pressure was chosen in order to stop the ER at the
fifth section of the IC. The methane pressure was therefore 50 mbar, whereas the
freon pressure was 21 mbar, because of the higher stopping power. The MCP1 pro-
vided the trigger of the DAQ and the amplifier Mesytec MSCF16 was employed.
Figure 5.15 reports the time of flight TOF2 vs. the energy loss provided by the first
anode ∆E1 and vs. Σ5

i ∆Ei for the two different gases. The rate of the IC for both
measurements was 139 kHz. As shown in the plots, using freon leads to a higher
background. This effect can be attributed to the presence of gas impurities in the IC,
although the usual gas flow procedure has been applied.

The noise to total ratio Nnoise/Ntot has been obtained for the runs with both gases
and was reduced by ∼ 77% in the case of methane with respect to freon, employing
the total energy loss (Fig. 5.15, bottom panels). Therefore, no advantages related to
the use of freon were observed. This is also partially due to the voltages applied to
the detector which did not exceed 500 V. Indeed, the higher drift velocity of electrons
in freon occurs at high voltage. In the working voltage range of the IC the electrons
drift velocity is comparable for the two gases.

5.1.6 Veto conditions

In all the present tests employing the direct kinematic reaction 28Si+100Mo, the signal
provided by the sixth section of the IC has been used as veto of the data aquisition.
For this purpose, the energy loss signal ∆E6 was pre-amplified (Mesytec MS-L16)
and subsequently fed into a Timing Filter Amplifier (TFA). The output signal of the
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FIGURE 5.14: Range as a function of the energy of the compound nu-
cleus 123Cs for methane (CH4) (blue line) and freon (CF4) (red line) at
50 mbar. The dashed red line is the result obtained for CF4 at the pres-
sure of 21 mbar employed during the measurement where the energy

of 123Cs was around 39 MeV.
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FIGURE 5.15: Time of flight TOF2 as a function of the energy loss ∆E1
and of the total energy loss Σ5

i ∆Ei. The measurements performed
with methane and freon are on the left and right panels respectively.

TFA was sent to a Leading Edge Discriminator (LED) whose output fed the Gate
Generator. The output was sent to the DAQ providing the veto on beam like particles
detected by the last section of the IC.

Figure 5.16 shows TOF2 vs. Σ5
i ∆Ei measured without any veto condition (left)

and imposing the veto (right) as described above. The counting rate during the test
was of about 14 kHz, with the detector at 0◦ and beam current of 2 pnA. The ER are
not affected by the use of veto, since the pressure of the gas inside the IC stops the ER

FIGURE 5.16: Time of flight TOF2 as a function of the total energy loss
Σ5

i ∆Ei of two measurements performed employing the last section of
the IC as veto (right panel) and without any veto (left panel).
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within the fourth section. On the contrary, the most energetic part of the beam-like
particles as well as a fraction of the background is removed.

5.1.7 Unipolar vs. bipolar shaping

To optimize the performance of the ionization chamber, various types of preampli-
fiers (ORTEC2006, Mesytec MS-L16) and shaping amplifiers (Canberra 2020, Mesytec
MSCF16) were used. In particular, the Canberra 2020 amplifier provides both unipo-
lar and bipolar output. Kimura et al. [65] adopted a bipolar shaping of the spec-
troscopy amplifier in order to filter the residual positive ion tails, which lead to
baseline fluctuation of the amplifier output. Bipolar shaping is used therefore to
restore the baseline of the spectroscopy amplifier and facilitate high counting rate
operation.

The possible benefits deriving from the use of a bipolar output were studied us-
ing the direct kinematic reaction 28Si+100Mo. For this test a Canberra 2020 amplifier
has been provided for each anode signals, following the pre-amplification with the
Mesytec MS-L16. As in the previous cases, the gas (freon) pressure stopped the ER
inside the detector, before the fifth section. Under these conditions, the signal pro-
vided by the sixth section of the IC was employed as veto of the DAQ. The counting
rate of the two measurements was 14 kHz, at a detection angle of 0◦ and with a beam
current of 0.5 pnA. The MCP1 provided the trigger to DAQ.
Figure 5.17 reports the plots of TOF2 vs. ∆E1 (upper panels) and of the total energy
loss Σ5

i ∆Ei (bottom panels). The results using a bipolar signal from the amplifier

FIGURE 5.17: Time of flight TOF2 as a function of the energy loss
measured by the first anode ∆E1 and of the total energy loss Σ5

i ∆Ei
for unipolar (left) and bipolar (right) shaping of the amplifier output.
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have been shown on the right panels (Fig. 5.17) and no visible improvements are
observable with respect to the unipolar one. The noise to total ratio Nnoise/Ntotal is
reduced by 12% in the case of the unipolar shaping.
Since bipolar shaping amplification does not introduce significant advantages, the
Mesytec MSCF16 amplifier, which provides only unipolar shaped output signals,
will be used in future experiments.

5.1.8 Z and energy resolution

Z resolution

The ALPI-PIAVE accelerator provided a 64Zn beam at the energy of 275 MeV on a
54Fe target. In this reaction the proton stripping channels are the dominant quasi-
elastic transfer channels and were used to estimate the Z resolution. For this pur-
pose, the whole set-up was placed at θlab=30◦ near the grazing angle of the reac-
tion. At this detection angle the direct beam was stopped inside the reaction cham-
ber, so that the electrostatic deflector was not necessary and no fields were applied.
During this measurement the two single energy loss signals were summed together
∆E1 + ∆E2 and the Mesytec MSCF16 amplifier provided the total energy Σ6

i ∆Ei. The
pressure of methane in the IC was 200 mbar.
Figure 5.18 (upper panels) reports the plots of the time of flight TOF2 as a func-
tion of the energy loss of the first two IC sections ∆E1 + ∆E2 and of the total energy
Σ6

i ∆Ei. The bottom panel shows ∆E1 + ∆E2 vs. Σ6
i ∆Ei. In all the matrices the most

intense particle group consists mainly of scattered beam and of a mionr contribu-
tion of neutron transfer channels (Z=30). The particles stopped in each electrode are
well identified. The stripping channels are clearly visible in the TOF2 vs. ∆E1 + ∆E2
and ∆E1 + ∆E2 vs. Σ6

i ∆Ei spectra. In Fig. 5.18 (bottom panel), they overlap with the
particles stopped by the electrodes.

Typically, to estimate the resolution in Z the plot where the energy loss and the
residual energy are correlated ∆E1 + ∆E2 vs. Σ6

i ∆Ei is preferred over the matrix TOF2
vs. ∆E1 + ∆E2, since the separation of the transfer channels is more evident. How-
ever, in this case the identification of the transfer channels in the matrix ∆E1 + ∆E2 vs.
Σ6

i ∆Ei requires the implementation of some changes via software. To clearly identify
the stripping channels in this matrix, the particles stopped by the wires have been
removed and the scattered beam as well as the transfer channels, identified in the
TOF2 vs ∆E1 + ∆E2 and TOF2 vs Σ6

i ∆Ei spectra, have been selected by software (as
shown in Fig. 5.18 upper panels). The resulting plot was rotated by 8.9◦ so that the
islands of scattered particles and transfer channels are perpendicular to the y-axis,
and the result is shown in Fig. 5.19. The two proton stripping (-2p) channel (Z=28)
is well separated from the scattered beam (Z=30). Also the recoiling ions of the 54Fe
target are detected and they overlap with -4p channel, resulting in a single cluster of
ions with Z=26. The Z resolution ∆Z can be obtained from the following equation:

∆Z(Z) =
2∆CH(Z)

CH(Z + 1)− CH(Z − 1)
(5.3)

where ∆CH(Z) denotes the FWHM of the peak corresponding to the atomic number
Z and CH(Z) is the channel number of the centroid. The spectrum in Fig. 5.20 (left
panel) is the projection in logarithmic scale onto the y-axis of the matrix in Fig. 5.19.
The peak corresponding to the scattered beam is well separated from the two proton
stripping (-2p) channel, whose atomic number is Z=28.
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FIGURE 5.18: Matrices TOF2 vs. ∆E1 + ∆E2 and TOF2 vs. Σ6
i ∆Ei (up-

per panels). ∆E1 + ∆E2 plotted as a function of the total energy Σ6
i ∆Ei

in the bottom panel. The scattered 64Zn beam (Z=30) and the particles
stopped in various electrodes can be identified.

FIGURE 5.19: ∆E1 + ∆E2 as a function of the total energy Σ6
i ∆Ei. Un-

like the matrix in Fig. 5.18 (bottom panel), the particles stopped in
the electrodes have been removed by software and the plot has been
rotated by 8.9◦. The stripping channels (-2p and -4p) as well as the
recoiling 54Fe (Z=26) ions are well separated from the scattered 64Zn

(Z=30).
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FIGURE 5.20: The y-axis projection of the matrix ∆E1 + ∆E2 vs Σ6
i ∆Ei

(Fig. 5.19) in logarithmic scale (left panel). The scattered 64Zn beam
peak (Z=30) is well separated from the two (-2p) and four (-4p) pro-
tons stripping channels, identified as Z=28 and Z=26 respectively.
The recoiling 54Fe (Z=26) ions overlap with the -4p stripping chanel.
The Z=26 and Z=28 peaks are shown in linear scale in the spectrum
on the right. A gaussian fit was performed on the -2p stripping chan-
nel in order to extract the FWHM of the peak and estimate the Z-

resolution of the IC.

The recoiling 54Fe ions overlap with the four proton stripping (-4p) channel re-
sulting in a single peak at the location of Z=26. On the right panel of Fig. 5.20 the
Z=26 and Z=28 peaks are reported in linear scale. By using Eq. 5.3, the Z resolution
has been therefore estimated by taking into account the distance between the two
centroids and the FWHM has been obtained through a gaussian fit of the Z=28 peak
(plotted with a red line). The Z resolution is ∆Z/Z ∼1/38.

FIGURE 5.21: Time of flight TOF2 plotted as a function of ∆E1 + ∆E2
(left panel). The matrix of Fig. 5.18 (upper left panel) has been ro-
tated by 18◦. The stripping channels (-2p and -4p) as well as the re-
coiling 54Fe (Z=26) ions are well separated from the scattered 64Zn
(Z=30). The x-axis projection is reported in logarithmic scale on the
right panel. The Z=30 peak is well separated by the two (-2p) and four
(-4p) protons stripping channels, identified as Z=28 and Z=26, respec-
tively. The 54Fe (Z=26) ions overlap with the -4p stripping channel.
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FIGURE 5.22: X-axis projections of the matrices TOF2 vs ∆E1 (see
Fig. 5.6) on the left and TOF2 vs Σ6

i ∆Ei on the right. The recoiling
197Au ions have been removed by software. The scattered 64Zn beam
peaks were fitted with a gaussian function in order to estimate the

energy resolution.

As a further check, the Z resolution was also obtained from the projection on the
x-axis of the matrix TOF2 vs. ∆E1 + ∆E2, which has been rotated by 18◦ for an appro-
priate projection on the x-axis, as shown in Fig. 5.21 (left panel).
The right panel of Fig. 5.21 reports the x-axis projection of the plot. The peak cor-
responding to the scattered beam is well separated from the two proton stripping
(-2p) channel, which corresponds to Z=28. The recoiling 54Fe ions overlap with the
four proton stripping (-4p) channel resulting in a single peak at Z=26. In Fig. 5.21
(right panel) the Z=28 peak is less clearly defined than the one shown in Fig. 5.20.
However a gaussian fit has been performed and the Z resolution has been obtained
by using Eq. 5.3. In this way the Z resolution is slightly worse ∆Z/Z ∼1/35 but
comparable with the result of 1/38.

Energy resolution

The system 64Zn + 197Au was used in order to estimate the energy resolution of each
section of the IC by measuring the elastic scattering of the beam. The detection angle
was 30◦ also in this case and the recoiling Au ions could be observed (see Fig. 5.7 in
the section 5.1.2). A methane pressure of 200 mbar was therefore chosen in order
to stop the 197Au recoiling ions inside the chamber and to separate them from the
scattered beam. No fields were applied to the electrostatic deflector and the Mesytec
MSCF16 amplifier was used for the energy loss signal provided by each section ∆Ei
and by their sum Σ6

i ∆Ei. The MCP1 provided the trigger for the DAQ.
The recoiling 197Au ions are well identified in the 2D spectra ∆E1 vs. Σ6

i ∆Ei of
Fig. 5.7. The 2D spectra of TOF2 as a function of the energy loss ∆E1 and by the
combination of all the six sections Σ6

i ∆Ei are presented in Fig. 5.6 (Sec. 5.1.2). The
projection on the x-axis of these matrices are shown in Fig. 5.22. In these 1D spectra
the highest peak is the scattered beam whereas the lower ones on the left are the
scattered beam particles stopped by the wires. In both spectra the recoiling 197Au
ions have been removed by software. In order to estimate the energy resolution, the
elastic scattering beam peaks were fitted with a gaussian function. The energy reso-
lution of the single section is (4.35±0.03)%, whereas the resolution of the total energy
signal is (2.09±0.02)%. These estimates take into account the straggling in the target
(0.23 MeV, 0.09%), the kinematic widening (1.15 MeV, 0.5%) and spread (0.04%).
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5.2 Summary of the obtained results

The performance of the new fast ionization chamber has been studied in several
tests with stable beams. The 13 tilted grid electrodes (having a transparency of 98%
each) significantly decrease the drift time of the electrons to anodes with respect to a
conventional IC with transverse field, which enables ion detection at high counting
rates. The detector has been used with a shaping time of 0.25 µs in the amplifier. The
IC proved to be able to work with a gate width of the DAQ shorter than the 4 µs,
usually adopted because of the delayed response of a conventional IC. It has been
found that it is possible to work with the new IC with a gate width as short as 1 µs.

Despite the rate limitations of DAQ, various tests have been performed with
very high counting rates in the IC, measured by a scaler, even if not all those events
could be effectively handled by the DAQ system. Indeed, the detector has been
tested up to a rate of ≃ 140 kHz. A veto signal can be produced, by adjusting the gas
pressure so that only the transmitted beam (and not the ER) reaches the last anode.
This veto helps cleaning up the spectra by rejecting the unwanted beam-like events.
The ER can be therefore better identified, also by the use of software conditions. To
overcome the limited acquisition rate, a new DAQ which can treat higher rates is
planned to be developed and installed.

A proper gas selection has been performed by testing the IC with freon and
methane, at the highest rate conditions. Following this test, the choice of methane
resulted the most convenient one. This was expected since the electron drift velocity
in freon is not higher than in methane for the voltage applied to the IC in typical
working condition. Moreover, the use of freon is in general more critical due to
stringent purity requirements.

A transfer reaction was performed in order to estimate the Z-resolution of the IC.
The result is 1/38 for 64Zn ions at about 3 MeV/A. The energy resolution of the IC is
of the order of ∼= 2.09% with 64Zn ions at the energy of 2.3 MeV/A.
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Chapter 6

Study of sub-barrier fusion of
50Ti,51V+36S systems

6.1 Physical motivation

Most of the existing studies on near- and sub-barrier fusion reactions concern even-
even projectile and target nuclei since the theoretical analysis of the data is more
straightforward in such cases. However, when non-zero spin nuclei are involved
in the fusion process, interesting effects are expected, still awaiting experimental
evidence.

The non-zero spin of the ground state can in general be associated with a de-
formation. Under this condition, the fusion cross section should be calculated for
each magnetic substate of the ground state spin. The ion-ion potential and conse-
quently the height of the Coulomb barrier would be different for each m-substate.
This would affect the fusion cross section which is the average over the m-substates,
and the effect should be particularly evident below the barrier.

At present, only few studies have been performed on this topic and one of them
concerned the 9Be + 144Sm system [71, 72], where the ground state spin of 9Be is
3/2+. The fusion cross section was calculated for each initial magnetic quantum
number, m = 1/2 and 3/2 and the average cross section was compared to the mea-
surements. The Coupled Channels (CC) calculations which explicitly considered the
two magnetic substates m = 1/2 and 3/2 (the m = -1/2 and -3/2 substates have not
been included for symmetry reasons), were able to reproduce the data, see Fig. 6.1
(bottom panel).
Because of the large quadrupole deformation of the 9Be, conventional calculations
based on a deformed Woods-Saxon potential were not performed since they could
be unrealistic [73]. A double-folding potential was used, i.e. the effective M3Y inter-
action supplemented with a repulsive term (see Chapter 2). The entrance potentials
were calculated separately for the two magnetic substates resulting largely differ-
ent, as shown in Fig. 6.1 (upper panel). Indeed, the magnetic quantum numbers
m = 1/2 and 3/2 refer to a z-axis that points in the direction of the relative position
of projectile and target. Consequently, the m = 3/2 channel corresponds to an ori-
entation where the tip of the deformed 9Be points towards the target, whereas the
m = 1/2 channel corresponds to the belly pointing towards the target. As a result
the Coulomb barrier in the entrance channel for the m = 3/2 is lower than the one
observed for m = 1/2.

Another experiment used 27Al as projectile on several germanium isotopes [74].
These measurements and data analysis were focused on the effect on fusion of the
vibrational excitations of the Ge isotopes. The experimental results were analyzed
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FIGURE 6.1: Upper panel: entrance potentials for 9Be + 144Sm [71].
The monopole potential (solid red line) and the potentials (dotted
curves) for the magnetic quantum numbers m = 1/2 and 3/2 of the
3/2 ground state of 9Be. Lower panel: measured cross sections for
the complete fusion of 9Be + 144Sm [72] compared to calculations for
m = 1/2 and 3/2 and the average cross section (solid red curve). The
curve for m = 3/2 dominates the cross section at all energies, consis-

tently with the lower Coulomb barrier for this magnetic substate.

within the CC model using the rotating frame approximation [75], and the calcula-
tions were repeated with different values of the initial spin projection, m = 1/2, 3/2,
and 5/2.

The last example is a more recent study of the 27Al + 45Sc system [76]. The results
were focused on the possible consequence of the positive fusion Q-value of the sys-
tem on the hindrance phenomenon. However the employed M3Y potentials showed
a slightly different behaviour for the different substates (m = 1/2, 3/2, and 5/2), and
the average values have been used.

In the present work a detailed comparative study of the two systems 36S + 50Ti,
51V has been performed, by measuring the fusion excitation functions for the two
systems, where no previous data were available.

The shell-model structure of the nucleus 51V is relatively simple, consisting of
three protons outside the doubly magic 48Ca core. In fact, the 51V has a 7/2− ground
state and the two lowest excited states are a 5/2− at 0.320 MeV and a 3/2− at 0.928
MeV, both connected to the ground state by strong B(E2) transitions.
The quadrupole moment of the ground state has been measured and its most recent
value is Q = -0.043±0.005 b [77].
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The 50Ti is a neutron closed-shell nucleus, having the lowest quadrupole vi-
bration at 1.554 MeV with β2 = 0.16. The 3− state is high (4.410 MeV) and weak
(β3 = 0.14). The common projectile 36S has a N=20 closed shell, and its structure
is rigid and well known, so that its effect on fusion cross sections can be safely cal-
culated. The nominal barriers differ by 2 MeV for the two systems in the laboratory
system, so that each 36S beam energy has been used for both targets.

The aim of the measurements was to identify differences in the fusion excitation
function of the two cases, that may possibly be attributed to the rather large non-
zero spin (7/2−) of the 51V ground state. The four magnetic substates m = 1/2, 3/2,
5/2 and 7/2 produce different Coulomb barriers and have to be treated individually
in the CC calculations. A different ion-ion potential and consequently a different
barrier, is expected for each of them. It is therefore interesting to investigate if the
shape of the barrier distribution keeps a trace of those different barriers and/or if
a difference of the barrier distributions of the two systems shows up, that may be
associated with the non-zero spin of 51V. The sections below describe how the two
excitation functions have been measured with small energy steps and good statistical
accuracy, as in previous measurements of this kind.

6.2 Experimental procedure

The experiment was designed to perform a detailed measurement of the fusion ex-
citation function for the two systems 36S + 50Ti, 51V and was run for eight days. The
XTU-Tandem accelerator provided the 36S beam at an average current of 10 pnA. The
targets were 50 µg/cm2 in thickness for both 51V and 50TiO2, the later one enriched
to 90.3% in mass 50. The carbon backing and the vanadium and titanium layers in-
troduced an average beam energy loss of around 750 – 850 keV, which was taken into
account in the analysis.

The energy range to study the excitation function was chosen around the value
of the Coulomb barrier of the two systems, estimated using the Akyüz-Winther po-
tential [9], whose parameters are shown in Table 6.1, together with the resulting
barriers. The Coulomb barrier is higher by about 2 MeV for the reaction 36S + 51V
with respect to the 36S + 50Ti system. Therefore, the measurements have been per-
formed in two different energy ranges: Elab = 73 – 100 and 76 – 100 MeV, for 50Ti and
51V, respectively. The 51V and 50Ti targets were mounted on the six-position target
holder.

The energy was gradually changed starting from the highest value, in order to
minimize hysteresis phenomena in the analyzing magnet placed at the exit of the

TABLE 6.1: Well depth V0, radius r0 and diffusivity a0 of the Akyüz-
Winther potential and the height VB, the position Rb and the curva-

ture h̄ω of the Coulomb barrier for the two systems.

(a) 50Ti + 36S system

V0 (MeV) r0 (fm) a0 (fm) VB (MeV) RB (fm) h̄ω (MeV)
62.43 1.17 0.66 46.90 10.05 3.41

(b) 51V + 36S system

V0 (MeV) r0 (fm) a0 (fm) VB (MeV) RB (fm) h̄ω (MeV)
62.96 1.17 0.66 49.00 10.05 3.47
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accelerator. At every energy change the beam was refocused on the target using a
quartz .

Fusion cross sections have been determined by direct detection of the fusion
evaporation residues by separating them from the beam and beam-like particles us-
ing the electrostatic deflector. The voltage applied to the electrodes was modified
during the experiment to maximize the number of particles detected after the deflec-
tor stage (yield of ER). The yield measurement was performed at the highest energy
(100 MeV) and the maximum transmission was reached at the voltage of ±16.5 kV
on each deflector plate. For the other beam energies the applied voltage was scaled
for the estimated electrical rigidity of the ER.

The ER were identified downstream of the deflector by a double Time-of-Flight
(ToF)–∆E–Energy telescope composed of two micro-channel plate time detectors fol-
lowed by the ionization chamber IC and by the silicon detector placed in the same
gas (CH4) volume of the IC. The new Fast IC (see Chapter 4) was employed for the
first time in a fusion reaction experiment. The signals provided by the five anodes
were combined in a total energy loss signal ∆E. The silicon detector placed at the
end (most downstream) of the detector telescope measured the residual energy of
the ER and gave the start signal for the two TOF as well as the trigger for the data
acquisition.

Four silicon detectors placed in the reaction chamber symmetrically around the
beam direction at the same scattering angle have been used to monitor the beam and
to normalize the fusion yields to the Rutherford scattering cross section.

Two ER angular distributions were measured at the energies of 80 and 90 MeV in
the range from -6◦ to +9◦.

6.3 Analysis

The telescope provides three times of flight TOF1,2,3 (see Chapter 4.1), a total energy
loss ∆E and a residual energy E. By correlating these variables, it is possible to
identify the ER and estimate the fusion cross sections of both reactions.

Figure 6.2 shows the three times of flight as a function of the residual energy
(on the left) and of the total energy loss ∆E (on the right) for the 36S + 50Ti system at
100 MeV incident energy. The ER are well separated from the degraded beam and
from the fusion of 36S with the carbon and the oxygen of the target.

Following fusion, a fraction of the compound nuclei evaporates alpha particles
resulting in ER lighter than the ones formed by nucleon evaporation. This fraction is
well separated from the majority of ER as shown Fig. 6.2 (left panels) and obviously
was included in the total yield of the ER.

The Monte Carlo code PACE4 [70] (determining the decay sequence of an excited
nucleus) was used to calculate the fraction of ER following alpha particles emission.
The calculations overestimates the experimental result by 77% and 52% above and
below the barrier, respectively. However, according to the PACE4 calculations, the
alpha emission probability decreases with decreasing energy, becoming negligible at
energies below the Coulomb barrier, as observed in the experiment.
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FIGURE 6.2: Time of flights TOF1, TOF2 and TOF3 as a function of
the residual energy E (on the left) and of the total energy loss (on the
right) for the reaction 36S + 50Ti at the beam energy of 100 MeV. The
ER produced by evaporation of one alpha-particle are indicated as α-
ER and are clearly visible in the matrices of the time of flights as a
function of the energy. On the contrary, in the matrices TOF1,2,3 vs
∆E they are not distinguishable and are included in the cluster of all
other ER. The fusions of the 36S beam with the carbon and oxygen of

the target are also visible.



84 Chapter 6. Study of sub-barrier fusion of 50Ti,51V+36S systems

FIGURE 6.3: Time of flights TOF1, TOF2 and TOF3 as a function of
the residual energy E (on the left) and of the total energy loss (on the
right) for the fusion reaction 36S + 51V at the beam energy 100 MeV.
The ER produced by evaporation of one alpha-particle are indicated
as α-ER and are clearly visible in the matrices showing the time of
flights as a function of the energy. On the contrary, in the matrices
TOF1,2,3 vs ∆E they are not distinguishable and are included in the

cluster of all other ER.
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FIGURE 6.4: (Upper left panel) Time of flight TOF3 as a function of
the residual energy E for the system 36S + 50Ti at the beam energy of
78 MeV, that is, below the barrier. (Bottom panel) The same matrix af-
ter a software selection of the ER identified in the TOF1 vs ∆E matrix
(upper right panel). Because of the longer acquisition time necessary
for sub-barrier fusion measurements, the fusion of the beam on car-
bon and oxygen is more visible than in the case of the higher energies

(see Fig. 6.2))

Figure 6.3 shows the plots TOF1,2,3 vs. residual energy (on the left) and TOF1,2,3
vs. ∆E (on the right) for the system 36S + 51V. At the highest measured energy (100
MeV) the ER are well separated from the degraded beam. Unlike the case of 36S + 50Ti,
the fusion on the carbon and oxygen of the target are hardly visible because: i) the
target is metallic and ii) the acquisition time for those measurements was shorter.

The relative contribution of fusion on the carbon backing of the target and on the
oxygen (which was not a component of the target but was originated from its oxyda-
tion) increases at sub-barrier energies and is clearly visible (energies below 78 MeV,
see Fig. 6.5). As shown in Fig. 6.3 (left panels), a fraction of the ER were produced
following alpha particles emission. Also for this system this fraction (overestimated
by the PACE4 calculations by 81% and 56% at energies above and below the bar-
rier, respectively) decreases with decreasing beam energy and becomes negligible at
sub-barrier energies.

When the energy drops below the barrier, the ratio of ER to background events
decreases rapidly. The identification of ER becomes therefore more difficult and it
is necessary to apply software conditions in order to remove the background. The
adopted method is based on identifying the ER by using the various independent
parameters (two TOF, ∆E and E) that are measured. Figure 6.4 presents the plot of
the time of flight TOF3 as a function of the residual energy E before (upper left panel)
and after (bottom panel) the selection of the ER identified in the TOF1 vs ∆E (upper
right panel) for the 36S + 50Ti system. The same type of matrices obtained for the
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FIGURE 6.5: (Upper left panel) Time of flight TOF3 as a function of
the residual energy E for the system 36S + 51V at the beam energy of
78 MeV. (Bottom panel) The same matrix after a software selection
of the ER identified in the TOF1 vs ∆E matrix (upper right panel).
Because of the longer acquisition time necessary for sub-barrier fu-
sion measurements, the fusion on carbon and oxygen of the target are

more visible than in the case of the higher energies (see Fig. 6.3)

36S + 51V reaction are shown in Fig. 6.5. The beam energy for these two measure-
ments was 78 MeV, which is in the sub-barrier energy region for both systems. The
use of the selection allows to identify the ER more clearly.

At deeper sub-barrier energies, a further software selection was necessary in or-
der to separate the ER from the background. A selection on the matrices TOF2 vs E
was therefore performed. However, unlike the case of higher energies, the ER were
not clearly identified in the matrices used for the software selection. Therefore, the
gates for the selection were wide and their positions were chosen according to the
situation observed at higher energies, where the ER were still clearly visible. By
applying both these conditions the ER are clearly identified (see Fig.6.6, lower left
panel), and the background is considerably reduced.

The matrices resulting from this additional selection for the 36S + 50Ti system are
shown in Fig. 6.6, where the beam energy was 75 MeV. On the contrary, the ER
are not distinguishable from the background for the 36S + 51V system, as shown in
Fig. 6.7 (upper left panel). The energy was 76 MeV, which is the lowest energy used
for this system. However, the use of a selection on the two matrices TOF1 vs ∆E and
TOF2 vs E allows to identify the few ER which were produced.
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FIGURE 6.6: (Upper left panel) Time of flight TOF3 as a function of
the residual energy E for the system 36S + 50Ti at the beam energy of
75 MeV. (Bottom left panel) The same matrix after a software selection
of the ER identified in the matrices TOF2 vs E (bottom right panel)

and TOF1 vs ∆E (upper right panel).

6.3.1 Excitation function and barrier distribution

The four silicon detectors placed inside the reaction chamber detected the beam nu-
clei which scattered on the target, at an angle of 16.05◦ with respect to the beam
direction. Examples of 1D spectra provided by the four monitors at the maximum
measured energy of 100 MeV are shown in the Figures 6.8 and 6.9 for the 36S + 50Ti
and 36S + 51V systems, respectively. As shown in the figures, also the beam nuclei
that scattered on the carbon backing of the targets and on oxygen (in the case of the
titanium target) are visible. The overall statistics of the nuclei of the scattered beam
nuclei on the targets in each monitor allows to control the beam centering during the
experiment and to estimate the Rutherford scattering cross section, which is used to
normalize the fusion cross section.

The normalization is very important since the beam parameters do not remain
constant but tend to fluctuate, especially during the sub-barrier energy measure-
ments, when the acquisition time is very long (several hours). This normalization
allows to take into account and correct for the variations of beam conditions.
The Rutherford cross section is given by the following formula:

dσRuth

dΩlab
(E, θlab) =

(
ZpZte2

16πϵ0ELab

)2( 1
sin4(θlab/2)

− 2
(

Mp

Mt

)2

+ ...
)

(6.1)

where Zp and Zt are the atomic numbers of the projectile and target nuclei, re-
spectively and θlab is the angle where the monitors are placed with respect to the
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FIGURE 6.7: (Upper left panel) Time of flight TOF3 as a function of
the residual energy E for the system 36S + 51V at the beam energy of
75 MeV. (Bottom left panel) The same matrix after a software selection
of the ER identified in the matrices TOF2 vs E (bottom right panel)

and TOF1 vs ∆E (upper right panel).

beam line. Mp and Mt are the projectile and target masses. Terms of higher order
(∝ (Mp/Mt)4) are negiglible in direct kinematics reactions.

Once the ER and monitors counts have been measured, it is possible to obtain
the differential fusion cross section for each energy using the following formula:

dσER

dΩ
(E, θER) =

dσRuth

dΩlab
(E, θlab)

NER

NMon
∆ΩMon

∆ΩER
1
ϵ

(6.2)

Here, NMon is the number of elastic scattering events detected by the monitors,
∆ΩMon is the total solid angle subtended by them and θlab is the monitor angle 16.05◦.
NER is the number of ER counted by the silicon detector and ∆ΩER is its solid angle.
The quantity ϵ can be explicitly expressed as the product of:

• the deflector transmission T;

• the transparency of the two MCP t;

• the transparency of the IC electrodes (te)11;

• the transparency of the IC entrance window tmesh.

These parameters are reported in Table 6.2, together with the values of the solid an-
gles of the four monitors ∆ΩMon and of the silicon detector ∆ΩER.

The uncertainty on the measured differential cross section is composed by sys-
tematic and statistical contributions. The systematic component affects all measure-
ments in the same way and originates from the uncertainty on the solid angle of the
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FIGURE 6.8: Energy spectra of the 4 monitors for the 36S + 50Ti system
at 100 MeV. The peaks of the beam scattering on the titanium, carbon

and oxygen of the target are well separated.

detectors, on the transmission of the deflector and on the transparency of the various
parts of the telescope. It is given by the following formula:

(
ϵ

syst
dσ/dΩ

dσ/dΩ

)2

=

(
ϵ∆Ωmon

∆Ωmon

)2

+

(
ϵ∆ΩER

∆ΩER

)2

+

(
ϵT

T

)2

+

(
ϵt

t

)2

+

(
ϵtmesh

tmesh

)2

+
Ne

∑
i=1

(
ϵte

te

)2

i
(6.3)

where Ne is the number of electrodes of the IC, which was 11 for this experiment.
The expression above gives a value of the order of 5%. The dominant contribution
derives from the transmission of the deflector, which was estimated 4% for T = 0.74.
Smaller contributions derive from the transparency of the detectors (estimated as the
product of the transparencies of the MCP, the window and the electrode grids) and
from the solid angles of both the monitors and the silicon detectors (see Table 6.2).
The statistical contribution includes the uncertainties on the number of detected
events, whose effect on the measurement of the differential cross section can be cal-
culated by the propagation formula:

TABLE 6.2: From left to right: transmission of the deflector, trans-
parencies of the MCP and of the IC window mesh and of one elec-
trode grid, and solid angles of the monitors and of the silicon detec-

tor.

T t tmesh te ∆ΩMon (msr) ∆ΩER (msr)
0.74± 0.03 0.726± 0.004 0.80± 0.01 0.9795± 0.0004 0.167± 0.001 0.0358± 0.0004
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FIGURE 6.9: Energy spectra of the 4 monitors for the 36S + 51V sys-
tem at 100 MeV. The peaks of the beam scattering on vanadium and

carbon are well separated.

(
ϵstat

dσ/dΩ

dσ/dΩ

)2

=

(
ϵNmon

Nmon

)2

+

(
ϵNER

NER

)2

(6.4)

The statistical component is much lower or comparable to the systematic one, at
energies above or near the barrier, but it becomes predominant as energy decreases.
This effect is related to drastic reduction of the number N of detected ER at energies
below the Coulomb barrier which leads to a rapid increase of the statistical uncer-
tainty (the distribution of the particles’ counts is Poissonian so that the associated
uncertainty is

√
N).

As mentioned before, for both systems, two ER angular distributions were mea-
sured at the beam energies of 80 and 90 MeV by varying the detection angle from -6 ◦

to +9◦ at steps of 1◦. Figures 6.10 and 6.11 show the angular distributions measured
at the two energies and for the two systems.
The distribution of the evaporation residues is forward peaked, no run was per-
formed at 0◦ because of the large background produced by the residual beam which
makes the ER identification difficult.
As shown in Fig. 6.10 and Fig. 6.11, the angular distributions follow a Gaussian
trend, whose parameters can be estimated by interpolating the experimental data
with the function:

dσf us

dΩ
(E, θ) = Ae

−θ2

B2 (6.5)

the fitting parameters A and B are reported in the appendix A.1.1 (Tables A.2 and
A.4) and E is the energy at which the angular distribution was measured.
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FIGURE 6.10: ER angular distribution for the 36S + 50Ti system mea-
sured at 80 MeV (left panel) and 90 MeV (right panel). The parame-
ters of the Gaussian fit (blue line) are reported in Table A.2 (Appendix

A.1.1).

FIGURE 6.11: ER angular distribution for the 36S + 51V system at
80 MeV (left panel) and 90 MeV (right panel). The parameters of the

Gaussian fit (blue line) are reported in Table A.4 (Appendix A.1.1).

The total fusion cross sections were obtained by integrating those distributions
over the entire solid angle.

σf us(E) =
∫ dσf us

dΩ
(E, θ)dΩ (6.6)

The total fusion cross section at all energies other than 80 or 90 MeV, where only
measurements at 2◦ were performed, were obtained by the use of a simple propor-
tion:

σf us(E) = K(E)
dσf us

dΩ
(E, θ) (6.7)

where dσf us/dΩ(E, θ) is the differential fusion cross section (Eq. 6.5) at the energy E
and the detection angle θ (which is 2◦ for all the measurements performed at differ-
ent energies). The parameter K(E) is a quantity weakly dependent on the energy in
the measured range. For each system this parameter has been extracted at the two
energies where the angular distribution was measured and the obtained values are
reported in the appendix A.1.1 (Tables A.2 and A.4).

From the weighted average of these values it was possible to obtain the total
fusion cross section at all measured energies, whose values for the two systems are
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FIGURE 6.12: Excitation function of the system 36S + 50Ti in linear (left
panel) and logarithmic (right panel) scale.

shown in Table A.5 of the appendix A.1.2.
Figures 6.12 and 6.13 show the excitation functions (fusion cross section as a func-

tion of the energy in the center of mass system) in linear (left panels) and logarithmic
(right panels) scale for the two systems.
The cross sections vary by five orders of magnitude in the measured energy range.
The error bars shown in Figs. 6.12 and 6.13 correspond only to the statistical uncer-
tainty, that is, 1-2% at high energies and 20-30% at sub-barrier energies.

The excitation functions of the two systems are compared in Fig. 6.14, where the
cross sections are shown in a reduced energy scale taking into account that the two
reactions have Coulomb barriers which differ by few MeV. This comparison high-
lights a very similar behaviour of the two systems. In order to put in evidence pos-
sible small differences, the comparison of the barrier distributions is necessary.

Extracting barrier distribution from the experimental data has proved to be an
excellent method to evidence structure effects in the fusion processes, especially at
energies around and below the Coulomb barrier.
According to the definition given in Eq. 2.85, the barrier distribution D f us (E) can be
expressed as
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FIGURE 6.13: Excitation function of the system 36S + 51V in linear (left
panel) and logarithmic (right panel) scale.
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FIGURE 6.14: Comparison of the excitation functions in linear (top
panel) and logarithmic (bottom panel) scale for the two fusion reac-
tions. The measurements for the 36S + 50Ti and 36S + 51V systems are
shown with blue and red points, respectively. The energy was nor-
malized with respect to the height Vb of the two Coulomb barriers.

D f us(E) =
1

πR2

d2(Eσf us)

dE2 (6.8)

As discussed in section 2.3, given the finite nature of the measured fusion cross
sections, obtaining the barrier distribution from the experimental data can not be
performed analytically. To overcome this problem, the barrier distribution can be
obtained using incremental ratios, where the derivative of the energy-weighted cross
sections can be calculated using the point-difference formula. It is as well possible
to obtain the second derivative considering three values of the cross section σ1,2,3
measured at consecutive energies E1,2,3 (three-points formula), so that the second
derivative relative to the average energy ( E1 + 2E2 + E3)/4 is expressed as:

d2(Eσf us)

dE2 ≃ 2
(

E3σ3 − E2σ2

E3 − E2
− E2σ2 − E1σ1

E2 − E1

)(
1

E3 − E1

)
≃

(E3σ3 − 2E2σ2 + E1σ1

∆E2

)
(6.9)

where the second expresion is obtained assuming equal energy steps for the three
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FIGURE 6.15: Fusion barrier distributions of 36S + 50Ti (on the top)
and 36S + 51V (on the bottom).

measurements. The statistical uncertainty associated with the second derivative is
estimated as the quadratic propagation of the absolute statistical uncertainties of the
cross sections:

δc =

(
E

∆E2

)
[(δσ)2

1 + 4(δσ)2
2 + (δσ)2

3]
1
2 (6.10)

The values obtained in this way are shown in Table A.6 of the appendix A.1.3.
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FIGURE 6.16: Comparison of the two barrier distributions, shown
separately in Fig. 6.15.
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Energy intervals of ∼ 1.5 MeV have been used to extract the barrier distributions
and to make visible the structures at energies above and below the barrier. As dis-
cussed in chapter 2.3, this choice of energy intervals allows to reach a good compro-
mise between the sensitivity and the precision of the values obtained for the barrier
distributions.

The barrier distributions obtained for the two systems are plotted vs. the energy
in the center of mass system in Fig. 6.15. The shapes of the two distributions are
extremely similar. This is more evident in figure 6.16 where the two barrier distri-
butions are compared by using a reduced energy scale (energy in the center of mass
devided by the height of the Coulomb barrier Vb).

It appears that to correctly undestand the experimental results, a theoretical in-
terpretation is necessary. In this perspective a coupled-channels analysis was per-
formed using a modified version of the CCFULL code, able to consider nuclei with
non-zero spin in the ground state.

6.3.2 Coupled channel analysis

The experimental data of the two fusion reactions have been compared to the the-
oretical calculations based on the coupled-channels model. The comparison is of
great importance not only from a structural point of view, in order to verify the ex-
cited states involved in the fusion dynamics, but also to evidence possible small dif-
ferences between the two reactions not observed in the comparison of experimental
data and that would be attributable to the odd nature of 51V. For both systems the CC
calculations were performed by means of the CCFULL code [26], which solves the
coupled equations by employing the isocentrifugal approximation and the incoming
wave boundary condition, described in Chapter 2.2 in details.

For the 36S+50Ti reaction, the energies of the excited states of both target and
projectile nuclei, as well as the associated deformation parameters, are given in Ta-
ble 6.3 [78, 79]. The deformation parameters for each state were calculated using
the Eq. 2.57 ( Chapter 2) starting from the reduced transition probabilities B(E2) and
B(E3) which have been obtained from the literature [80, 81].
The CC calculations included the collective vibrational excitations of both target
and projectile nuclei. In particular, the one-phonon excitation of both the lowest
quadrupole vibration state 2+ at 1.554 MeV of 50Ti and the first 2+ state at 3.29 MeV
in 36S, were considered.

By employing in the calculations the Akyüz-Winter (AW) potential, whose pa-
rameters are reported in Table 6.1 (a), the resulting fusion cross sections underes-
timate the experimental data, as shown in Fig. 6.17 (left panel). This effect may be
caused, at least partially, by the adiabatic coupling to high-energy states [8]. In or-
der to correct for this effect, the well depth of the AW potential has been modified to

TABLE 6.3: Nuclear structure parameters of CCFULL calculations.
The βλ is the deformation parameter of the various vibrational

modes.

Nucleus E(MeV) λπ βλ
50T 1.55 2+ 0.166

4.41 3− 0.138
2.68 4+ 0.050

36S 3.29 2+ 0.167
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FIGURE 6.17: (Left) Experimental excitation function (blue points)
compared to the theoretical prediction based on the coupled channel
calculations involving the 2+ excited states of the 50Ti and 36S nuclei
(black line) and no-coupling limit (black dashed line). (Right) The
barrier distributions extracted from the experimental data and from
the CC calculations (with and without the coupling to excited states).

The AW potential was used.
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FIGURE 6.18: (Left) Experimental excitation function (blue points)
compared to the theoretical prediction based on the CC calculations
involving the coupling of the 2+ excitated states of the 50Ti and
36S nuclei (blue line) and without any coupling (black dashed line).
(Right) The barrier distributions extracted from the experimental data
and from the CC calculations (with and without couplings to the ex-
cited states). A modified Woods-Saxon potential was used (see text).

V0 = 85.26 MeV. Following this renormalization, the barrier is VB = 46.28 MeV and the
radius parameter r0 is 1.16 fm. The diffuseness a was kept to 0.66 MeV. The resulting
CC calculation is shown in Fig. 6.18. The couplings lead to a large enhancement of
the fusion below the barrier and well reproduce the experimental data at energies
both below and above the Coulomb barrier.

The calculated barrier distribution is reported in Fig. 6.17 (right panel) and shows
a trend very similar to the experimental one. In particular a very good fit to the
36S + 50Ti data can be obtained by using a nuclear deformation parameter βN = 0.2,
slightly larger than the Coulomb one βC = 0.166 (reported in Table 6.3).

Coupled channels calculations which include additionally the 3− octupole state
of the 50Ti at 4.41 MeV as well as the lower weak 4+ overstimate the experimental
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FIGURE 6.19: (Left) Experimental excitation function (red points)
compared to the theoretical prediction based on the CC calculations
involving couplings of the 2+ excited states of the 51V and 36S nuclei
(black line) and without any couplings (black dashed line). (Right)
The barrier distributions extracted from the experimental data and
from the CC calculations (with and without the couplings to excited

states). The AW potential was used.

data at sub-barrier energies since their couplings are already included in the renor-
malized potential.

In the case of 36S+51V, the calculations are more complex and tedious because
of the non-zero ground-state spin I = 7/2− of 51V. The shell-model structure of the
nucleus 51V is relatively simple, consisting of a proton in the f7/2 shell added to
50Ti or of a proton-hole in 52Cr [82]. For simplicity, this last configuration has been
adopted in the following calculations. The five low-lying odd-parity excited states
considered in the calculations are reported in Table 6.4.

In the rotating frame approximation, where the m quantum number stays fixed
and equal to the value in the initial state, the calculations have to be repeated for each
value of m. Actually, it was sufficient to perform the calculations for m = 1/2, 3/2, 5/2
and 7/2, for symmetry reasons.

A total of eight couplings have been included in the calculations, according to
the transitions among the states in 51V which are well known experimentally [83]
and whose reduced transition probabilities are reported in Table 6.5. The deforma-
tion parameters have been calculated for each coupling between the i-th and the
j-th channel and are shown in the same Table 6.5. In order to establish the sign of
the deformation parameter, the weak-coupling approximation was used (see Ap-
pendix A.2). For the coupled-channels calculation a modified code of CCFULL was
employed. This program evaluates the fusion cross section for each m-substate and

TABLE 6.4: Spin and energy of the ground state and excited states of
51V. The levels are numbered with the notation on the left.

Level Spin I E (MeV)
1 7/2− (g.s.) 0
2 5/2− 0.32
3 3/2− 0.93
4 11/2− 1.61
5 9/2− 1.81
6 3/2− 2.41



98 Chapter 6. Study of sub-barrier fusion of 50Ti,51V+36S systems

TABLE 6.5: The eight couplings of the excited states of 51V. For each
of them, the quadrupole transition probability and the deformation

parameters are given.

Level Coupling Spin I B(E2) (W.u.) β

1 - 2 5/2− → 7/2− 14.5
± 1/2 + 0.06
± 3/2 + 0.165
± 5/2 + 0.21

2 - 3 3/2− → 5/2− 10.0
± 1/2 - 0.069
± 3/2 - 0.169

1 - 3 3/2− → 7/2− 7.6
± 1/2 + 0.1.27
± 3/2 + 0.095

1 - 4 11/2− → 7/2− 8.5
± 1/2 + 0.188
± 3/2 + 0.172
± 5/2 + 0.140
± 7/2 + 0.0919

1 - 5 9/2− → 7/2− 3.1
± 1/2 - 0.0246
± 3/2 - 0.07
± 5/2 - 0.103
± 7/2 - 0.109

2 - 5 9/2− → 5/2− 2.8
± 1/2 + 0.110
± 3/2 + 0.095
± 5/2 + 0.0649

2 - 6 3/2− → 5/2− 7
± 1/2 - 0.0577
± 3/2 - 0.141

1 - 6 3/2− → 7/2− 8.6
± 1/2 + 0.136
± 3/2 + 0.101

provides their average as output. The performed CC calculations included the vibra-
tion coupling of all six excited states of 51V with the 2+ state of the projectile nuclei
36S and all the mutual excitations. As in the case of the 36S+50Ti, using the AW
potential parameters (reported in Table 6.1) leads to an underestimation of the fu-
sion cross section at energies below the Coulomb barrier, as shown in Fig. 6.19 (left
panel). Also in this reaction the AW potential generates a barrier which is higher
than the experimental evidence. Following a renormalization of the AW potential to
obtain a barrier VB = 48.39 MeV, the potential well becomes V0 = 85.26 MeV.
Figure 6.20 (left panel) reports the performed CC calculation employing the renor-
malized potential. The couplings (red line) enhance the fusion cross section below
the barrier with respect of the no-coupling predictions (dashed black line) and a
good agreement with the experimental excitation function is obtained. The experi-
mental barrier distribution (Fig. 6.20 right panel) is well predicted by the CC calcu-
lation at lower energies, where the main peak is well reproduced.
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FIGURE 6.20: (Left) Experimental excitation function (red points)
compared to the theoretical prediction based on the CC calculations
involving couplings of the excited states of the 51V and 36S nuclei (red
line) and without any couplings (black dashed line). (Right) The bar-
rier distributions extracted from the experimental data and from CC
calculations (with and without the couplings to the excited states). A

modified WS potential was used (see text).
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FIGURE 6.21: The experimental barrier distribution of the system
36S+50Ti compared to the calculated barrier distribution for the same

system (blue line) and for 36S+51V (red line).

The CC calculations performed for both fusion reactions are in very good agree-
ment with the experimental data and reproduce the fusion cross section at energies
much below the Coulomb barrier (see left panel of Fig. 6.18 and 6.20). Despite the
different target nuclei involved and the different couplings of the excited states, the
calculated barrier distributions show a very similar behavior. This is clearly ob-
served in Fig. 6.21, where the experimental barrier distribution of the 36S+50Ti sys-
tem (blue points) is compared with the CC calculations obtained for the two systems.
Both theoretical predictions well reproduce the peak at low energies, whereas they
slightly differ at higher energies where the shoulder is more evident in the 36S+51V
system (red line). Unfortunaly, the lack of accurate experimental data in this energy
region does not allow to confirm the different trend between the two systems.
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6.4 Conclusion

Sub-barrier fusion of the two systems 36S+50Ti,51V has been measured at the Labo-
ratori Nazionali di Legnaro with the purpose of investigating the possible effect of
the non-zero spin of the 51V ground state on the sub-barrier excitation function, and
in particular on the shape of the barrier distribution.

The fusion cross sections of two systems vary by five orders of magnitude in the
energy range measured down to values ∼20 µb. The two excitation functions look
very similar, as shown in Fig. 6.14.
A coupled channels analysis was therefore performed in order to highlight differ-
ences between the two systems attributable to the non-zero spin ground state of 51V.
In the case of the 36S+50Ti system the CCFULL code was used and the calculations
included the couplings of the 2+ vibrational states of both projectile and target. For
the 36S+51V reaction the CCFULL code has been modified in order to include the 51V
excitations. In these calculations the 2+ excitation in 36S was considered as well as
the couplings to the 5/2−, 3/2−, 11/2−, 9/2−, and 3/2− states in 51V. In both cases
the Akyüz-Winther potential was renormalized in order to shift the barrier to lower
energies. The theoretical predictions obtained in this way are in very good agree-
ment with the experimental excitation functions of both systems at energies above
and below the Coulomb barrier (see Figs. 6.18 and 6.20).

Also the barrier distribution for 36S+50Ti looks very similar to the barrier distri-
bution for 36S+51V (as shown in Fig. 6.16 and Fig. 6.21). This would indicate that the
extra proton in the 1f7/2 shell does not have any significant influence on sub-barrier
fusion behaviour. A small difference between the two barrier distributions is calcu-
lated around 51–52 MeV (see Fig. 6.21) but the accuracy of the data in that energy
region is not sufficient to confirm this evidence, and it would not be easy to have
more precise data for fusion barrier distribution in that region above the barrier.
As an alternative, a future measurement of the barrier distribution extracted from
backward-angle quasi-elastic scattering may be considered for that energy range [84,
85].
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Summary

The availability of the very neutron-rich beams of the SPES facility at relatively low
intensities makes very tempting to extend the study of near- and sub-barrier fusion
to exotic systems also at the National Laboratories of Legnaro.
A new set-up for fusion cross section measurements, especially designed for the low
intensity beams delivered by the SPES facility, has been developed and is being in-
stalled at the LNL. The set-up is inspired on a similar one built at Oak Ridge some
years ago, with a significant improvement due to the use of a very fast ionization
chamber (Fast IC). This new Fast IC is designed to ensure a high counting rate parti-
cle identification for fusion studies involving exotic beams up to 105 pps. To reduce
the response time of the ionization chamber, a design using 13 tilted electrodes has
been adopted. This configuration significantly decreases the drift time of the elec-
trons to anodes with respect to a conventional IC with transverse field, thus enabling
ion detection at high counting rates. We expect a maximum counting rate up to 100-
200 kHz for the identification of ER.

The set-up already existing at LNL for fusion measurements has been upgraded
by using the new Fast IC, and will remain in use for experiments with high-intensity
stable (and upcoming exotic) beams. The performance of the Fast IC has been stud-
ied in several tests with stable beams. The detector proved to be able to work with
a shaping time of 0.25 µs and a gate width of the DAQ of 1 µs, which are four times
lower than the ones used with the conventional IC. The last modules of the IC can
produce a veto signal by adjusting the gas pressure so that only the transmitted
beam (and not the ER) reaches the last anode. This veto helps cleaning up the spec-
tra by rejecting the unwanted beam-like events. Under this condition, the detector
has been tested up to a rate of ≃ 140 kHz. All these tests verified the capability of
th IC to provide a fast response. The Z-resolution of the IC has been measured to
be 1/38 for 64Zn ions at about 3 MeV/A. The energy resolution is ∼= 2.1% with 64Zn
ions at the energy of 2.3 MeV/A.

The sub-barrier fusion of the two systems 36S+50Ti,51V has been measured with
the upgraded set-up. The purpose of the experiment was to investigate the possible
effect of the non-zero spin of the 51V ground state on the sub-barrier excitation func-
tion, and in particular on the shape of the barrier distribution.
The fusion cross section has been measured down to ∼20 µb for both systems. The
two excitation functions look very similar, as well as the two barrier distributions. A
coupled channels analysis was therefore performed in order to highlight differences
between the two systems attributable to the 7/2− ground state of 51V. In the case of
the 36S+50Ti the CCFULL code was used and the calculations included the couplings
of the 2+ vibrational states of both projectile and target. For 36S+51V a modified CC-
FULL code was used in order to include the 51V excitations. In these calculations
the 2+ excitation of 36S was considered as well as the couplings to the 5/2−, 3/2−,
11/2−, 9/2−, and 3/2− excited states in 51V. The theoretical predictions are in very
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good agreement with the experimental excitation functions of both systems at ener-
gies above and below the Coulomb barrier.
Also the calculated barrier distributions of 36S+50Ti,51V look very similar to each
other. A first interpretation of the results is that the extra proton of 51V (51V(I) =
50Ti (2+)⊗p(1f7/2)) does not have any significant influence on sub-barrier fusion
behaviour. In perspective, the small difference between the two barrier distribu-
tions calculated above the barrier, might be experimentally checked by measuring
the backward-angle quasi-elastic scattering in that energy region.
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Appendix

A.1 Fusion cross sections

A.1.1 Angular distribution

Two ER angular distributions have been measured at 80 MeV and 90 MeV for 36S+50Ti,
51V. The differential cross sections measured at these two energies for 36S + 50Ti are
reported in Table A.1. The fitting parameters obtained by reproducing the angular
distributions (Fig. 6.10) with a Gaussian function are shown in Table A.2.

TABLE A.1: ER angular distributions obtained for 36S + 50Ti at the en-
ergies of 80 MeV (a) and 90 MeV (b)

(a) 80 MeV

θlab (deg) dσ/dΩlab (mb/sr)
- 6 76 ± 10
- 4 837 ± 52
- 2 2770 ± 257
- 1 4284 ± 224
1 4260 ± 185
2 3433 ± 96
3 1788 ± 159
3 2053 ± 98
4 877 ± 53
5 240 ± 23
6 97 ± 12
7 61 ± 10

(b) 90 MeV

θlab (deg) dσ/dΩlab (mb/sr)
- 6 944 ± 65
- 4 5930 ± 190
- 2 18482 ± 1880
- 1 35532 ± 976
1 32880 ± 735
2 24657 ± 563
3 15342 ± 362
4 6944 ± 177
5 2469 ± 119
6 1129 ± 59
7 780 ± 50
8 463 ± 42

TABLE A.2: Fitting parameters of the Gaussian function and the pro-
portional constant K at the energies of the two angular distributions

for the system 36S + 50Ti.

E (MeV) A (mb/sr) B (sr) K (sr)
80 4751 ± 135 3.1 ± 0.1 0.01262 ± 0.00006
90 37129 ± 1642 2.9 ± 0.2 0.0127 ± 0.0001

The differential cross sections measured for 36S + 51V are reported in Table A.3.
The fitting parameters of these angular distributions are shown in Table A.4.
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TABLE A.3: ER angular distributions obtained for 36S + 51V at the en-
ergies of 80 MeV (a) and 90 MeV (b).

(a) 80 MeV

θlab (deg) dσ/dΩlab (mb/sr)
-6 13 ± 2
-4 97 ± 6
-2 318 ± 34
-1 364 ± 30
1 410 ± 16
2 352 ± 11
3 235 ± 12
4 130 ± 8
5 42 ± 4
6 19 ± 2
7 11 ± 2

(b) 90 MeV

θlab (deg) dσ/dΩlab (mb/sr)
-6 917 ± 56
-4 4727 ± 83
-2 13865 ± 268
-1 21679 ± 411
1 22096 ± 380
2 17820 ± 174
3 11491 ± 219
4 5768 ± 63
5 2322 ± 53
6 1039 ± 30
7 651 ± 18
8 433 ± 17

TABLE A.4: Fitting parameters of the Gaussian function and the pro-
portional constant K at the energies of the two angular distributions

for the system 36S + 51V.

E (MeV) A (mb/sr) B (sr) K (sr)
80 435 ± 16 3.6 ± 0.1 0.0149 ± 0.0001
90 23709 ± 799 3.3 ± 0.1 0.0139 ± 0.0001

A.1.2 Fusion cross sections

The total fusion cross sections at all measured energies for the two systems are re-
ported in the following Table A.5.
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TABLE A.5: Fusion cross sections of the two systems .

(a) 36S + 50Ti

Ecm (MeV) σ (mb)
41.91 0.02 ± 0.01
42.50 0.11 ± 0.03
43.08 0.25 ± 0.06
43.66 0.9 ± 0.1
44.25 3.7 ± 0.3
44.83 8.7 ± 0.4
45.41 20.9 ± 0.7
46.00 43 ± 1
46.58 61 ± 2
47.16 87 ± 2
48.33 143 ± 2
48.91 166 ± 2
49.50 217 ± 3
50.08 238 ± 3
50.66 268 ± 3
51.25 299 ± 3
51.83 316 ± 4
52.41 346 ± 3
53.00 376 ± 5
53.58 418 ± 6
54.16 465 ± 6
55.33 492 ± 7
56.49 544 ± 7

(b) 36S + 51V

Ecm (MeV) σ (mb)
44.03 0.027 ± 0.008
44.62 0.13 ± 0.02
45.21 0.51 ± 0.04
45.79 1.7 ± 0.1
46.38 5.0 ± 0.2
46.97 12.6 ± 0.3
47.56 27.0 ± 0.5
48.15 48.6 ± 0.5
48.73 69.4 ± 0.8
49.32 94.8 ± 0.9
49.91 133 ± 1
50.50 150.4 ± 0.9
51.09 177 ± 1
51.68 212 ± 1
52.26 245 ± 2
52.85 280 ± 2
53.44 311 ± 2
54.03 333 ± 2
54.62 368 ± 2
55.79 430 ± 3
56.97 478 ± 3
58.14 525 ± 3

A.1.3 Barrier distributions

The barrier distributions of the two systems are reported in Table A.6

TABLE A.6: Barrier distributions of the two systems.

(a) 36S + 50Ti

Ecm (MeV) D f us(E) (MeV−1)
42.50 0.002 ± 0.003
43.08 0.030 ± 0.003
43.66 0.084 ± 0.003
44.25 0.167 ± 0.006
44.83 0.216 ± 0.009
45.41 0.24 ± 0.01
46.14 0.18 ± 0.01
46.72 0.14 ± 0.02
47.31 0.18 ± 0.02
48.18 0.13 ± 0.02
48.77 0.16 ± 0.03
49.35 -0.04 ± 0.03
50.08 -0.07 ± 0.04
50.66 -0.11 ± 0.05
51.25 -0.001 ± 0.062

(b) 36S + 51V

Ecm (MeV) D f us(E) (MeV−1)
43.44 0.0010 ± 0.0001
44.03 0.0070 ± 0.0001
44.62 0.020 ± 0.001
45.21 0.051 ± 0.001
45.79 0.108 ± 0.003
46.38 0.185 ± 0.003
46.97 0.225 ± 0.005
47.56 0.227 ± 0.007
48.15 0.240 ± 0.009
48.74 0.16 ± 0.01
49.32 0.11 ± 0.01
49.91 -0.01 ± 0.02
50.50 0.12 ± 0.02
51.09 0.17 ± 0.02
51.68 0.17 ± 0.02
52.26 0.001 ± 0.03
52.85 -0.06 ± 0.03
53.59 -0.01 ± 0.03
54.32 0.03 ± 0.03
55.06 -0.01 ± 0.02
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A.2 Weak coupling model applied to 51V

In order to establish the sign of the deformation parameter of the couplings in the
36S + 51V system, the weak-coupling approximation was used. In this section the
method used to extract the sign under this approximation is described.

The coupling strenghts between the states I and I′ is:

β
(k)
I I′√
4π

=

√
2λ + 1

4π
< Ik|α̂λ0|I′k > (A.1)

where α̂λ0 is the surface coordinate related to the phonon creation and annihilation
operators and to the electric quadrupole operator Q̂(Eλ)

λµ . Indeed, for a sharp matter
distribution of the target nucleus, the electric multipole operator is given by

Q̂(Eλ)
λµ =

3e
4π

ZTRλ
T α̂λµ (A.2)

where ZT and RT are the charge and radius of the target, respectively. The transition
probability between the initial Ii and final I f state is

B(Eλ; Ii → I f ) =
1

2Ii + 1
| < Ii||Q̂(Eλ)

λ ||I f > |2 (A.3)

If the state Ii is the ground-state (Ii = 0) the expression A.1 is reduced to Eq. 2.57.
Using the Eq. A.2, the transition probability can be expressed as

B(Eλ; Ii → I f ) =
1

2Ii + 1

(
3e
4π

ZTRλ
T

)2

| < Ii||α̂λµ||I f > |2 (A.4)

The element of matrix < Ii||α̂λµ||I f > is therefore

< Ii||α̂λµ||I f >= ± 4π

3eZTRλ
T

√
(2Ii + 1)B(Eλ; Ii → I f ) (A.5)

By replacing the above equation in Eq. A.1, the coupling strength is

β
(k)
I I′ =

√
2λ + 1 (−)I−k

(
I λ I′

−k 0 k

)
< I|α̂λ|I′ >

= ±
√

2λ + 1 (−)I−k
(

I λ I′

−k 0 k

)
4π

3eZT Rλ
T
×

√
(2Ii + 1)B(Eλ; Ii → I f )

(A.6)

For a weak coupling model the total spin of the state can be decoupled in the
spin of the core IC and of the state occupied by the weakly coupled nucleon/hole.
The matrix element < Ii||α̂λ||I f > thus becomes

< I||α̂λ||I′ >=< [IC ⊗ Yij]
(I)||α̂λ||[I′C ⊗ Yij]

(I′) >

= (−)IC+j+I′+λ
√
(2I + 1)(2I′ + 1)

{
IC I j
I′ I′C λ

}
×

× < IC||α̂λ||I′C >

(A.7)
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For I′C = 0 and I′ = j{
IC I j
I′ I′C λ

}
=

{
IC I j
j 0 λ

}
=

{
I IC j
0 j λ

}
= (−)I−IC+j 1

ÎC ĵ
(A.8)

The sign of < I||α̂λ||I′ > as well as of the coupling strength in the weak coupling
limit is therefore determined by−(−)I+j+λ. The 51V can be interpreted as a hole
in the f7/2 shell above 52Cr. According to the weak coupling model, the signs of
coupling strenghts of the excited state (see Table 6.4 ) to the ground state are

I = 5
2 j = 7

2 λ = 2 → −1

I = 3
2 j = 7

2 λ = 2 → +1

I = 11
2 j = 7

2 λ = 2 → +1

I = 9
2 j = 7

2 λ = 2 → −1

(A.9)

The signs of the coupling strengths calculated for the coupling considered in the
CC analysis are reported in Table 6.5.
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