




Abstract

The study of the nuclear structure of exotic nuclei, which lie very far from the stability valley, is
fundamental to test many physical theories. It requires the use of nuclear reactions induced by fast
radioactive beams and use-of-the-art detectors, such as the γ-ray tracking array GRETINA.
This thesis reports part of the results of an experiment performed at the National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State University (MSU) during the summer 2020.
The main purpose of this work is the numerical simulation of the experimental process to completely
reproduce the interaction of an exotic nuclear beam of 84Zr with a 9Be target. All the physical infor-
mation about the reaction process are extrapolated through comparisons between the experimental
data and Monte Carlo simulations, performed with GEANT4. This platform, which contains the
experimental geometry and the detectors information, can reproduce the entire interaction mecha-
nism, from the incoming beam distribution in space and momentum to the Doppler corrected γ-ray
spectrum. The analysis consists in finding the optimal parameters necessary to correctly reproduce
experimental data. The results of this work are used to analyze other more exotic reaction channels
where statistics is scarce. The final goal of this experiment is the measurement of the lifetime of the
first excited state in 84Mo.
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Introduction

Nuclei are complex systems composed of protons and neutrons, also called nucleons, which form the
basis of known matter. Their properties depend on collective nucleons interactions which define the
shape and the energy states of a nucleus. There are many models that try to describe nucleons inter-
actions to explain and make predictions about nuclear structure, such as the shell model. Theoretical
assumptions can be proved from experimental results, such as measurements of energy and lifetime
of excited states, thus providing fundamental insights on the in-medium nucleon-nucleon interaction.
Exotic nuclei, with their high unbalance between the number of protons (Z) and neutrons (N), turn
out to be perfect candidates to test nuclear models in extreme conditions.
Nuclei with N = Z show interesting nuclear structure properties since protons and neutrons occupy
the same valence orbitals and peculiar proton-neutron correlations can be investigated [1]. Many
information can be obtained from systematic studies of excitation energies and reduced transition
probabilities. A systematic study of the excitation energy of the first 2+ state and its lifetime has
been a major effort of the international nuclear physics community. Such study faces more and more
experimental difficulties when heavier N = Z nuclei are studied. Recently 80

40Zr 2+ state could be
measured [2]. 84

42Mo, another even-even exotic nucleus with N = Z, is naturally the next step. An im-
portant test bench for the theoretical models is the reduced quadrupole transition probability, B(E2),
which is directly connected to the quadrupole deformation of the nucleus. This parameter is obtained
from the experimental estimation of the lifetime of the first 2+ excited state by the analysis of γ-ray
spectrum exploiting Doppler shift technique properly.
This work focuses on high statistics reaction channels 84Zr and 82Zr from which derive important
information about secondary beam selection and reaction products identification. The final results
will be directly applied to 84Mo. It is indeed of fundamental importance to have under control the
kinematics of the reaction and to have an accurate quantitative description in terms of Monte Carlo
simulation.
Exotic nuclei have been produced at NSCL by in-flight projectile fragmentation through high energy
collisions starting from stable beams accelerated to relativistic energies against a 9Be target. From the
interaction of the secondary beam with a beryllium fixed target the first excited states are populated.
These unstable states decay emitting γ-rays that are detected by an High-Purity Germanium (HPGe)
γ-ray tracking array called GRETINA. Picosecond-range lifetime of excited states is measured using
Doppler shift methods such as the recoil distance method (RDM) [3]. Some relevant details about the
experimental setup are described in Chapter 1, from beam production techniques until HPGe γ-ray
detectors and S800 spectrograph.
Numerical simulations are employed to reproduce complex reactions with several unknown parameters.
The process which describes the interaction of the beam with a fixed target, for example a knockout
reaction, depends on several dynamic variables such as the momentum, kinetic energy and velocity of
incoming and outgoing beam, but there are also other parameters that are related to the experimental
setup that have to be properly set, such as target density and target position respect to the detectors.
The whole process can be reproduced using particular simulation programs. GEANT4 is a platform
based on C++ which is used for Monte Carlo simulations of particles interaction with matter in a
particular experimental setup. Through GEANT4 packages it has been possible to reproduce beam
profile and γ-ray spectrum of each reaction channel. Afterwards the simulations are compared with
data using the minimum χ2 method in order to extrapolate the best fit parameters that are necessary
to reconstruct the whole process. In Chapter 2 some of the analysis techniques used for this work are
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summarized. Eventually, using the optimal reaction parameters, the complete γ-ray spectra of 84Zr
and 82Zr have been simulated and then compared with the experimental ones (Chapter 3).
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1.2. GRETINA HPGE ARRAY DETECTOR CHAPTER 1. EXPERIMENTAL DETAILS

In order to separate different nuclides by mass and nuclear charge, a combined technique based on
magnet-rigidity analysis and energy-loss in degrader materials is used starting in A1900 and concluding
in S800 spectrograph [7]. The first step to purify secondary beams consists in dipole magnets. A
particle of mass m, velocity v and charge q has a bending radius ρ in a magnetic field B given by the
formula [4]:

Bρ =
mvγ

q
=

Amuc

Ze
βγ (1.1)

(where mu is the unified atomic mass, e the elementary charge and A and Z are the mass and atomic
number respectively)
The slits are used to select specific isotopes by blocking unwanted ions. Once the secondary beam is
purified enough, at the end of A1900, the beam impinges on a second 9Be target where specific reac-
tions occur, for example, 84Mo from 86Mo or 82Zr from 84Zr (two-neutron knockout reactions). The
γ-rays produced through the reaction are detected by GRETINA. The recoiling nuclei are identified
by the S800 spectrograph [8].

1.2 GRETINA HPGe Array Detector

GRETINA (Gamma-Ray Energy Tracking In-beam Nuclear Array) is the HPGe array detector fea-
tured γ-ray tracking. It is composed of twelve modules with four detectors placed on a ring at θ = 58°
with respect to the beam-line and the other eight in a second ring at θ = 90°. For this experiment
the target was positioned 20 cm upstream of the center of GRETINA. Currently GRETINA covers a
detection solid angle of ∼ 2π but it is planned to increase the apparatus with other 15 modules to a 4π
array that will be called GRETA (Gamma Ray Energy Tracking Array) [9]. γ-ray tracking is possible
thanks to the segmentation of each module that is divided into 36 segments (Fig. 1.2): the interaction
of γ radiation with HPGe detectors induces an electric signal for every single segment. Using specific
analysis algorithms it is thus possible to reconstruct γ-ray’s path, with a resolution better than few
millimeters, and its energy: this procedure is called γ-ray tracking.
Technological constrains limit the size of the detectors used to detect γ radiation. As a consequence in
a real detector it is possible that some photons exit from the detection region without having deposited
completely their energy. This type of process is typically due to multiple Compton scatterings which
increase the spectrum background. Most of events, however, are low-multiplicity Compton scatterings
that lose entirely their energy in the detectors. Generally, a single photon interacts with different
crystals before stopping. These subsequent interactions can be simulated by GRETINA’s algorithm
in γ-ray tracking through the following relation:

Eγ′ =
Eγ

1 +
Eγ

mec2
(1− cosθ)

(1.2)

(where Eγ′ is the scattered energy and Eγ the initial energy of the photon, me is the electron mass
and θ is the scattering angle of photon)
The Klein-Nishina formula is employed to calculate the differential cross section of the γ-electron
interaction [10]:

dσ

dΩ
= Zr2e

[

1

1 + (hν/mec2)(1− cosθ)

]

×

[

1 +
(hν/mec

2)2(1− cosθ)2

(1 + cos2θ)[1 + (hν/mec2)(1− cosθ)]

]

(1.3)

(where re is the radius of the electron and ν is the photon’s frequency)
The algorithm matches single interaction points and calculates the total probability of that path
starting from Eq. 1.3 and using as θ the angle between two subsequent points. From all possible
Compton scatterings it is selected the most probable. In this way it is possible to calculate the correct
energy of every single photon and the first interaction point. These parameters play an important
rule in Doppler correction.
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Chapter 2

Analysis Techniques

Complex phenomena, with several unknown parameters, can be studied using Monte Carlo simulations.
This computational method consists in an algorithm which produces an arbitrary set of random
numbers, that follow a certain probability distribution, with the purpose of reproducing a particular
physical process. In this work all known experimental processes, from beam interaction with target
to γ-ray detection, have been modelled through appropriate distributions which depend on some
characteristic variables. The goal consists in finding the optimal parameters that allow to produce
simulations which faithfully reproduce the experimental data. In this chapter, it will be introduced
the simulation program GEANT4 used during the analysis and the set of parameters that have to be
subsequentially optimized to arrive, at the final step, to the γ-ray spectrum simulation.

2.1 GEANT4 Monte Carlo Simulation

GEANT4 is a simulation framework based on C++ programming language which is widely used in
Nuclear and Subnuclear physics to reproduce beam interaction with matter [22]. In particular, for
this analysis, it has been used the G4Lifetime package, which contains NSCL’s experimental geometry
around the secondary target focal plane, including 9Be target and detectors frame. Macros used for
this work contain different types of information about:

� incoming and outgoing beam: the simulation code can replicate beam profile using different
parameters such as momentum distribution, incoming and outgoing kinetic energy, angular and
position distributions. It can also replicate different types of reaction with the target, for example
knockout reactions or Coulomb scatterings.

� target: 250mg/cm2-thick 9Be target, with a thickness of 1.325mm, is positioned 204.6mm
upstream of the GRETINA center. Using simulation packages it is possible to adjust this value
to improve experimental agreement. Usually the outgoing beam energy or other parameters
used in GEANT4 simulations are calculated using LISE++, however this program has stopping
power tables slightly different. Little discrepancies from the ideal case can heavily affect the
results: for this reason it has been introduced a parameter called scale-density (sd) which is
used to correct these small deviations between the two programs.

� analysis: there are some information about GRETINA’s detectors that are necessary to re-
produce γ-ray spectrum. Firstly it is important to properly select which detectors were used
during the experiment, since detection position affects Doppler corrected spectrum lineshape
(Section 1.2.1). Simulation code is capable to reproduce γ-ray tracking uncertainties which af-
fect GRETINA’s resolution and also Doppler corrected spectrum from β, momentum, angular
and position distributions of decaying particles. It is also possible to replicate the presence of
slits that limit S800 acceptance blocking part of the beam.

� spectrum: γ-ray transitions can be replicated using all optimal parameters previously obtained
and adding in the macro file the information about γ decays.
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2.2. G4LIFETIME PARAMETERS OPTIMIZATION CHAPTER 2. ANALYSIS TECHNIQUES

Typically an experimental distribution contains from 2000 to 100000 events, however in the simulation
it is possible to set an arbitrary number of events: in high statistic simulations statistical uncertainties
become negligible respect to the experimental ones. Generally a good statistic simulation is formed
by more than 100000 events. GEANT4 produces a ROOT file which contains all necessary simulated
distributions such as: angular and position distributions ata/bta/dta/yta (defined in Section 1.4.1),
Doppler add-back spectrum, background and single detector spectra.

2.2 G4Lifetime Parameters Optimization

The procedure of parameters optimization requires several steps that have to be done sequentially.
The final goal is to reproduce the correct simulated spectrum from which it is possible to estimate the
lifetime of the transitions. In general, some parameters can be directly obtained from experimental
data with simple calculations, such as the incoming/outgoing velocities, and others that require com-
plex analysis since they affect more than one experimental distribution simultaneously: in this case a
multi-parametric optimization is necessary.
The optimal simulation parameters, determined through the comparison with experimental data dis-
tributions, are obtained using χ2-minimization procedure. There are two kind of runs that can be
analyzed, the reacted and unreacted : these channels differ in the selection range. The reacted case
undergoes a more significant loss of energy, due to the interaction with the target, respect to the
unreacted one: this means that after the dipole magnets of S800 the two types of outgoing beams are
split and they can be analyzed separately. The optimization procedure can vary from case to case
(depending, for example, on the shape of distribution or on the statistics) but there are some common
steps that have to be made to fix some parameters and thus to reduce the degrees of freedom. The
method used for the analysis is the following:

1. Bρ value and experimental deviation from the central trajectory can be used to calculate the
outgoing beam velocity through LISE++ program. The outgoing beam velocity and momentum
distribution of unreacted without target case coincide with the incoming ones that can be set
for the next simulations.

2. LISE++ simulation returns also the outgoing beam energy KEout that can be fixed in order
to optimize scale-density (sd). This parameter depends on KEout and momentum distribution
(dta): typically this correction is in the range [0.95, 1.05]. Varying sd in a small range near 1
and comparing simulations with experimental dta (for the unreacted with target case) it can be
optimized and kept as constant for further analysis.

3. The next step involves creating a simulation which replicates the reaction with target mechanism.
There are three fundamental parameters which characterize the energy transferred within the
reaction target:

� dpfrac =
pout
pin

(where pin and pout are respectively the incoming and outgoing longitudinal
momentum);

� dp is the centroid of transversal momentum distribution;

� dpFWHM is the Full Width at Half Maximum of transversal momentum distribution.

All these parameters affect at the same time ata, bta, dta and yta distributions.

4. Once all parameters have been optimized it is possible to obtain a γ-ray spectrum simulation.
This procedure, which is described in detail in Section 3.3, requires the relative intensities, ener-
gies and lifetimes of each nuclear transition: these values can be calculated from the experimental
spectra, the efficiency curve and the literature.
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Conclusions and Perspectives

Monte Carlo simulations play a key role in nuclear physics due to their flexibility and possibility to
reproduce very complex interactions of radiation with matter, from beam interaction with a target to
γ-ray spectrum. GEANT4 simulation toolkit has been successfully used to reproduce the experimental
results.
Contemporary nuclear physics explores the limit of nuclear binding and the structure of radioactive
isotopes far from the stability valley. The synthesis of these isotopes requires to use intermediate to
high energy beams (100 AMeV to 2 AGeV) and a complex detection system for the identification
of the isotopes recoiling at relativistic energies. In order to extract reliable measurement of relevant
physical quantities there is the need for a realistic model that accounts for the kinematics of the beam,
the nuclear recoil and the response function of the detectors in use. The complexity of the apparatus,
with many free parameters, suggests using Monte Carlo simulations. Some of the parameters can be
directly extrapolated from the experimental data, as done for the incoming beam momentum distri-
bution, others, instead, are predicted from physical models, such as the knockout reactions.
This work focused on 84Zr which was produced with similar beam properties to 86Mo and their
products, 82Zr and 84Mo respectively, are obtained from a similar two-neutron knockout reaction.
Therefore the optimization results derived from zirconium (easier and more meaningful to analyze
since it has larger statistics) can be compared with molybdenum. Through a similar procedure to that
described in this work it is possible to optimize 84Mo reaction parameters.
The next step in the analysis is the study of plunger setup adding the degrader information in the
simulation. In this case there are three remarkable regions: before the target, between target and
degrader and after the degrader. It will be necessary to find the correct value of the secondary out-
going beam energy, the corresponding degrader scale-density and the optimal reaction parameters as
was done in this thesis for the first run of the experiment. Eventually, after setting all the physical
information, there will be only one variable, the lifetime of the first 2+ state of 84Mo, which will be
optimized comparing the simulated spectrum with the experimental one.
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