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Abstract
This thesis describes various models implemented in a code to simulate nuclear reactions that
go through a compound nucleus state, an intermediate excited state long lived enough that the
nucleus has time to reach equilibrium between each subsequent decay. This implies that the
decay is effectively characterized by macroscopically conserved quantities such as the excitation
energy E∗ and its spin J , in addition to the proton and neutron number, Z and N , respectively.

Specifically, the reactions under consideration are quasi-elastic scattering reactions, in which
the collision is modeled as taking place between essentially free nucleons or clusters in the target
and projectile. A Feynman diagram formalism is used to describe this first, fast knock-out
reaction. The unaffected nucleons in the projectile will then form an excited compound nucleus,
and the final reaction products are determined by decaying this compound system.

The codes to simulate the initial fast reaction and subsequent decay are separate programs.
Results are presented regarding the prefered decay modes of nuclei with a given excitation energy,
utilizing the decay part of the code. The results obtained for an excitation energy of 20 MeV
were compared with the output of another program, TALYS, for nuclei with Z ∈ [10,90] and
N ∈ [10,130].

Finally, the quasi-elastic scattering code and the compound nucleus deexcitation code were
coupled in order to allow the code to be used as an event generator. The output of the event
generator was used in simulations to benchmark the performance of the addback algorithm used
to determine gamma energies and multiplicites from actual experimental data. The tentative
results indicate that the addback algorithm is unable to identify the number of γ-rays emitted
in the reaction, although further investigations are needed to arrive at a conclusive result.
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1. Introduction

As a part of the construction of the international FAIR (Facility for Antiproton and Ion
Research), the LAND experimental setup will be succeeded by the R3B (Reactions with
Relativistic Radioactive Beams) setup, which includes a score of new detectors. During
all stages of this process – from designing and calibrating the new individual detectors
and the entire setup, to analyzing the data and extracting the underlying physics –
simulations are or will be used.
The R3B experiment aims to study nuclear physics, in particular the properties of

exotic nuclei far from the valley of stability [1]. The experiments will be performed with
radioactive beams, and the aim is to be able to determine the complete kinematics of
the reaction. We will here describe a generic experiment of this kind.
The radioactive beam impinges on a target surrounded by detectors. In the case of a

reaction at the target – a so called event – the reaction products are to be identified by
the experimental setup. This is done by recording where they hit the detector, when they
hit the detectors (which allows detector output to be attributed to individual events,
which yields the initial and final momentum); how much energy they deposit in the
detectors (yielding the charge); and their deflection in a magnetic field, which gives their
charge-to-mass ratio, and thus their mass.
That being said, the identification procedure outlined above is a simplification. Com-

plications arise from several factors: the reaction products may decay in-flight, they may
be deflected by interactions with air, or a detector. This is why simulations are used,
specifically Monte-Carlo simulations, since the underlying physics is probabilistic.
While simulations are used to study how a given reaction product propagates through-

out the experimental setup, they are not necessarily needed for the actual reactions at
the target, since the purpose of the experiment is to investigate those. In many cases, it
is enough to simulate particles with specified initial momenta – matching the kinematic
constraints of the reaction – and see how they propagate through the experimental setup,
which should be able to identify them even if they are not the result of an actual re-
action. Often, detector efficiencies are evaluated by simulating individual particles and
thier propagation through the setup, see for example Simon Lindberg’s Master’s the-
sis [2]. This may lead to an overestimation of the detector efficiencies, since, in general,
more than one particle is produced in each event, which makes the analysis more com-
plicated. The current simulation software (specifically, GGLAND [3], see section 1.2) can
generate multiple particles sharing momentum according to a phase-space distribution,
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1. Introduction

but this does not take any matrix element into account, or internal degrees of freedom in
the nuclei. The latter is crucial, since nuclear physics is all about these internal degrees
of freedom.

1.1. Event Generator for R3B

As briefly mentioned in the previous section, an experimental event is the result of a
reaction between the target and a projectile. An event generator, on the other hand, is
in this context a code that mimics certain reactions as part of a larger simulation code.
The output of such an event generator would be final-state momenta and energies of the
reacting particles, which can then be propagated through the simulated experimental
setup by another code.
In principle, one can think of an event generator that exactily simulates the reactions

at the target and returns a final state with a probability mimicking the experiment. Con-
sidering our present knowledge of nuclear physics, this would be an unfeasible project.
Instead, this work will be limited to a certain class of reactions, where a compound nu-
cleus is created as part of a quasi-elastic scattering event. These terms are explained in
more detail in section 2.1, but in essence, an excited nucleus is created by knocking out
an internal cluster or nucleon from an existing nucleus.

1.1.1. Design of an Event Generator

An event generator for R3B needs to have certain features: Firstly, it does not need to
reproduce every feature of the experimental spectra, as long as it reproduces the general
features. The actual experiment will determine the details. On the other hand, it needs
to be easy to change the underlying model and see how this influences the resulting
spectra, since quantities in the model – nuclear level densities, transition rates, etcetera
– are influenced by the presence of phenomena the experimenters are actually interested
in finding – such as giant resonances or halo structures – which are not directly observable
in the experimental data.
It is also desirable to be able to steer the event generator to generate specific kinds

of events, so that the efficiency of the experimental setup can evaluated for specific
reactions.
The software also needs to be suitable for use with other programs in use in the R3B

collaboration. These programs are presented in the next section.

1.2. Already existing software

The event generator is intended to be used together with GEANT4, which is a widely used
toolkit for simulating the interaction of particles in matter [4]. It takes advantage of the
wrapper program GGLAND [3], which is designed to make it easy to run the simulations
needed for the analysis of the LAND/R3B experiments. GGLAND passes on information
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1.2. Already existing software

about the experimental setup and tells GEANT4 which particles to propagate through
this setup.
In addition to the software that the event generator is intended to work with, there

are a few codes which have been helpful during the development process:
The code is largely based upon CODEX [5], which simulates fusion and the subsequent

decay of a compound nucleus. The choice of models in this work is largely based on
a setting in CODEX. The quasi-elastic scattering part of the code (described in subsec-
tion 2.1.1) has been adapted from the QUASI_ELASTIC code, written by Leonid Chulkov.
Finally, part of the output of the event generator was compared to that of an already

existing code, TALYS [6]. TALYS is a more advanced code for simulating the formation
and decay of excited nuclei, and thus serves as an appropriate bench mark.
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2. Theoretical Background

In the following section, the theoretical models implemented in the event generator code
are presented. We use units in which c = 1, which means that mass, momentum and
energy are given in the same units, customary taken to be electron-volt, or, for the
energies of interest in nuclear physics, MeV or GeV. We do not set ~ to one.

2.1. Nuclear Collisions

From a macroscopic perspective, nuclei can be viewed as charged particles, and thus
collisions (here in a loose sense) between them are governed by the Rutherford scattering
formula. This is how the nucleus was discovered in the first place. However, this simple
picture breaks down at higher energies, when the particles are able to cross the Coulomb
barrier. At yet higher energies, when the de Broglie wave-length (λ ∼ p−1) becomes
sufficiently small to resolve the inner structure of the nuclei, it becomes feasible to model
the collision as not taking place between the two nuclei, but by individual protons and
neutrons (nucleons).
This leads us to the participant-spectator picture of nuclear collisions, in which the col-

lision is viewed as if taking place between a few participant nucleons, while the remaining
spectator nucleons remain mostly unaffected. Such a reaction is known as quasi-elastic
scattering, since the kinetic energy of the projectile is much greater than the binding
energy of the participants, which further motivates treating them as approximately free
particles. This also means that the kinetic energy will almost be conserved, hence quasi-
elastic. The collision between the participant nucleons takes place at a time scale of
about 10−23 s [7], and is sometimes called a fireball or firestreak.
However, this is just the first part of the collision. The spectator nucleons may have

gone unaffected through it, but the resulting system (a so-called pre-fragment) will be
highly excited, and will decay to the final fragment – often by ejecting nucleons, in this
context known as evaporating them. The characteristic time-scale for these ejections
varies between 10−21 – 10−16 s, depending on the energies and emitted particle [7].
In this picture, a two-step process can be used to describe nuclear fragmentation.

Various models to describe both steps exist in the literature, and these can be combined
more or less freely – restrictions arise since they do not necesarilly use the same pa-
rameters. Models which mainly use parameters like A, the number of nucleons, Z the
number of protons, the total nuclear-spin J and the excitation energy E of the nucleus
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Figure 2.1.: The fast process. The projectile (A) is viewed as a system of a cluster
and prefragment. The collision then takes place between the cluster and the
target.

are termed macroscopic, while models that directly treat the states of individual nucle-
ons are called microscopic. Examples of the former are the abrasion-ablation model [8],
while the intranuclear-cascade model [9] is an example of a microscopic model. As it is
often the case in nuclear physics, no one model is valid for the whole range of nucleon
numbers A and incident energies [10].
Since the focus of this report is to describe an event-generator for a physics exper-

iment, we can afford to use less detailed models if this reduces computation time. In
addition, since the macroscopic properties of nuclei are more easily related to experme-
ntal observables, we will restrict our attention to those.

2.1.1. The fast processes – the Goldhaber model

In the participant-spectator picture, the fast process consists of a collision between the
target and a cluster within the projectile nucleus. This is determined by momentum
conservation, but in order to apply this, we need to know the initial momentum of the
internal cluster, which will have a momentum relative to the projectile. The situation is
illustrated in Figure 2.1.
The Goldhaber model states that the cluster 3-momentum distribution in the projectile

frame is given by a Gaussian with mean value zero and with a width determined by the
expectation value of the momentum of an individual nucleon,

σ2 = 〈p2
nucleons〉A′

AC
A− 1 . (2.1)

Here, A is the number of nucleons in the projectile, A′ = A−Acluster the nucleon number
of the prefragment, and 〈p2

nucleons〉 is the expectation value of the 3-momentum of an
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2. Theoretical Background

individual nucleon. This model assumes that the prefragment and cluster momenta can
be expressed as a sum of individual nucleon momenta drawn from the same distribution

σ2 =
〈[

A∑
i

pi

]2〉
. (2.2)

For a Fermi-gas, 〈p2〉 may be written in terms of the Fermi-momentum pf as 3
5p

2
f [11].

Assuming a constant nuclear density, the nuclear Fermi-momentum is about 270 MeV,
which is in reasonable agreement with experiments for heavier (A > 40), non-exotic
nuclei [12].
However, R3B experiments are not necessarily concerned with A > 40 (and non-

exotic) nuclei. For lighter nuclei, the Fermi momentum may be considerable lower [13],
and for exotic nuclei, such as halo nuclei, the individual nucleons will not have the same
momentum distribution.
Another model – also a “Goldhaber model”, since it uses a Guassian momentum

distribution – gives σ2 as

σ2 = 2(MA′ +MC −MA) MCMA′

MC +MA′
= −2Qµ(MC,MA′), (2.3)

where MC is the mass of the participant cluster, MA the mass of the projectile and MA′

the mass of the prefragment. If we take −Q = T = µv2/2, we get σ2 = µ2v2, which is
the initial squared momentum of the cluster. This model is suitable for lighter particles,
since it requires that MA′ + MC −MA = −Q > 0, or σ2 becomes negative. This is the
model used in this work.
Momentum conservation implies that

pA = pC + qA′ (2.4)
pC + pT = qC + qT (2.5)

where the momenta are defined in Figure 2.1, with the additional definition of A′ =
A−AC. The initial momentum of the cluster, pC, in addition to being partly defined by
the Goldhaber model, is also fully specified by the external momenta: viewing Figure 2.1
as a Feynman diagram even makes it clear that the cluster is off-shell. With this in mind,
we solves the first of the above equation for pC by squaring, which gives

M2
C,off ≡ p2

C = p2
A + q2

A’ − 2pA · qA’ = M2
A +M2

A’ − 2MA

√
M2

A’ + p2
C , (2.6)

where we have evaluated pA · qA’ in the rest-frame of the prefragment. Note that since
the prefragment is excited MA’ will have to be adjusted by adding the excitation energy.
Since we are interested in constructing an event generator, we next transform the 4-

momentum of the cluster from the projectile to the laboratory frame (the projectile and
target momentum are already known in the laboratory frame – the former being zero is
practically the definition of that frame). The relevant gamma factor is γ = 1 + T/MA,
where T is the kinetic energy of the projectile.
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2.1. Nuclear Collisions

Since the collision between the target and the cluster is easier to do in their center-of-
mass (CM) frame1, we also need to transform between the laboratory and that frame.
This is readily done by noting

P̄ ≡ pC + pT = γ(βCM)m̄βCM = ĒβCM =⇒ βCM = (pC + pT)/Ē, (2.7)

where the barred quantities are of the system of both particles. Since we want the
β between the laboratory and the CM frame, we evaluate all the quantities in the
laboratory frame

βCM = pC
EC +MT

. (2.8)

The scattering between target and cluster is back-to-back in the CM frame, and we
generate the scattering angle from an isotropic dσ

dt , which in practice means that the
Mandelstam variable t = (pC − qC)2 is a uniform random number. The CM energy,
momentum and scattering angle can be readily expressed in terms of the invariant Man-
delstam variables

EC = s+MC,off −MT
2
√
s

(2.9)

|pC| =
√
E2
C,initial −M2

C,off (2.10)

|qC| =
√
E2
C,final −M2

C ≈ |pC| (2.11)

cos θ ≈
t−M2

C −M2
C,off + 2E2

C
2|pC|2

, (2.12)

the approximations being valid under the assumption of a quasi-elastic scattering, more
explicitly when MC,off ≈MC, so that pC = −qC in the CM frame, which is the assump-
tion used in deriving the equation for cos θ.
A random polar angle φ in [0,2π] is then generated, which together with |pc|, θ and

Ec fixes the CM 4-momentum of the cluster, and also the target by pt = −pc. Using
(2.8), these results are boosted to the lab frame, in which we now have an expression for
all the relevant momenta.

2.1.2. The slow process – decay of a compound nucleus

To describe the decay of a compound nucleus in a given macro state (E∗, J , Z, A),
we need the probabilities to go from this state to any other macro state. Since the
only way an isolated nuclei can lose energy, angular momentum, or nucleons is by emit-
ting particles, it is natural to view the transition probability probabilities for particle
emission.
The probability of decaying by emitting a particle ν can be written as

d2Pν
dE∗fdt

= 1
~
ρ(E∗f ,Jf )
ρ(E∗i ,Ji)

|Jf+s|∑
S=|Jf−s|

|Ji+S|∑
l=|Ji−S|

Tl(εν), [14] (2.13)

1Strictly speaking, their zero momentum frame, or center-of-momentum frame.

7



2. Theoretical Background

where P is the probability, E∗f the final-state excitation energy, Jf the spin of the
daughter nucleus, ρ the level densities and

εν ≈ E∗f − E∗i − Sν (2.14)

the kinetic energy of the evaporated particle2, Sν being its separation energy Sν =
Mf +mν −Mi. Continueing: s is the intrinsic spin of the evaporated particle, S is the
spin of the system consisting of the final state nucleus and evaporated particle, with
l being the orbital angular momentum of the evaporated nucleus with respect to the
center of mass. The sums express all the ways to couple these angular momenta while
conserving the total angular momentum Jf + s + l = S + l = J i. Finally, Tl is the
transmission coefficient. We will describe this in more detail later in this section, along
with the level densities.
Starting from (2.13), we get the probability to decay into an energy range [E∗f ,E∗f+dE∗f ]

to a state with final spin J ′f by emitting a particle ν with orbital angular momentum l′

as

dΓ = dEf
ρ(E∗f ,J ′f )
ρ(E∗i ,Ji)

∑
l=l′,Jf=J ′

f

Tl(εν), (2.15)

where the sum refers to all the possible ways to couple the spins under these restrictions.
Note that Tl(εν) is essentially constant as far as the sum is concerned, so that it may be
taken outside, which reduces the sum to an integer factor.
Provided that the characteristic life-time ~Γ−1

tot of the system is short compared to
the time resolution of the experimental setup, we may treat the decays as instantanous.
Note that the system may undergo multiple decays before it reaches its ground-state, and
that time-scale of this entire decay chain must be short by the experimental standards.
The time-of-flight resolution of the future R3B setup will be in the picosecond range
(10−12 s) [1], which is well above the time-scales of single evaporation given by Gaimard
and Schmidt (10−21 – 10−16 s) [7]. Hence we will view Γx as the probability to decay by
a given process in an unspecified but short time step.
The emitted particle, ν, can in principle be anything a nucleus may emit in a decay.

However, since the photon is massless, and thus fully relativistic, it must be treated
differently. For a relativistic particle, the dististinction between l and the intrinsic spin
unnatural, and massless particles have one less polarization state. With this in mind,

2The approximation is due to neglecting the kinetic energy of the daughter nucleus, which should be a
good approximation when the evaporated particle ν is light. This is not a necessary approximation,
though, and a more exact formula is mν

µ
εν ≈ E∗f −E∗i −Sν . The separation energy does not, strictly

speaking, enter as a cost of removing the particle ν, but rather to relate the two excitation energies
E∗f and E∗i to an absolute scale.
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2.1. Nuclear Collisions

we modify the sums in (2.13), and obtain the decay width for gamma emission

dΓγ
dE∗f

=
ρ(E∗f ,Jf )
ρ(E∗i ,Ji)

|Jf+Ji|∑
l=|Jf−Ji|

Tl(εγ) (2.16)

=⇒ dΓγ,l = dE∗f
ρ(E∗f ,Jf )
ρ(E∗i ,Ji)

Tl(εγ), (2.17)

where l > 0 is an integer in |Jf − Ji|, . . . , |Jf + Ji|.
Although ν could be any particle, it becomes more appropriate to model the decay

as a fission process if ν becomes sufficiently heavy in relation to the compound nucleus.
Fission is usual modeled as a transition first to a transition state, beyond which the
nucleus will inevitably fission [15]. The present work does not include fission, and we
will thus not discuss its details here. Swiatecki discussed the possibility of treating
particle emission and fission in an essentially symmetric fashion, by using a transition
state formalism also for lighter particles [16].
We will now describe models for the level density ρ and transition probability Tl.

Level densities

The level density ρ(E,J) enumerates the number of energy levels of a given nucleus in
an energy range [E,E+ dE] with a given spin J . We have in our notation supressed the
dependence on A and Z. The nuclear level density increases rapidly with energy, which
suggests that the nuclear levels are not simply built up by exciting single nucleons, since
the spacing of these levels do not decrease nearly fast enough.
To see how the rapid increase in level densities may be accounted for by collective

excitations, and to introduce some of the terminology, it is illustrative to have a look at
a simple example.

The simple example Consider a “nucleus” in which we have A identical nucleons,
that occupy single particle states with spacing d. The situation is illustrated in Fig-
ure 2.2. The energy of the nuclues is given by

E =
∞∑
i

εini, (2.18)

where ε = id is the energy of level i, and ni is the occupation number of that level, which
can be 0 or 1, since nucleons are fermions. If we take the Fermi energy as the reference
energy, we get the excitation energy

E∗ =
∞∑
i

εini −
A∑
i

εi. (2.19)

The picture is more illustrative than the formulas. We now have one way to excite
our system to E∗ = d, namely by exciting the nucleon just below the Fermi level. For
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2. Theoretical Background

...
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Figure 2.2.: Fermions with equidistant single-particle levels.
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2.1. Nuclear Collisions

E∗ = 2d we may proceed from our E∗ = d system in two ways, either by further exciting
the lone excited nucleon E∗ = 2d, or by exciting the highest nucleon in the A−1 system,
E∗ = d+ d. For E∗ = 3d, we have

1d+ 1d+ 1d
2d+ 1d

3d,
(2.20)

and at this point, it may be apparent that we are really investigating the number of
ways to write a natural number as a sum of natural numbers, a problem which engaged
Euler as early as 1720 [17]. It turns out to be a very rapidly growing function, with the
number of ways to partition 100 being 190569292 [17].
A few things to note: Firstly, there is a distinction between the level density, discussed

above, and the density of states. In our example above, we may imagine that each
configuration of nuclei corresponds to a state with a given spin J , which would give
us (2J − 1) different spin projections for each state. The density of states takes this
degeneracy into account, while the level density does not. The density of states is thus
greater than the level density. Often, we do not know the J of our states, but there is
a general argument for the J dependence of the level density. Following the derivation
by Grossjean and Feldmeier [18] we assume that the states are build up from single-
particle states with a random spin orientation. More precisely, let the single-particle
states spin projection m be a random number. Time reversal symmetry demands that
the expectation value of m is zero, and that their distribution is symmetric, since t→ −t
changes the direction of angular momentum. Now, if we assume that our state is formed
by exciting a large number of nucleons, the central limit theorem gives the probability
of the total spin projection M as

P (M) = 1√
2〈M2〉

exp
(
− M2

2〈M2〉

)
, (2.21)

and hence the density of states ω with spin-projection M specified becomes

ω(E∗,M) = ω(E∗)√
2〈M2〉

exp
(
− M2

2〈M2〉

)
. (2.22)

Finally, using the fact that for each fixed J – say J ′ – there is only one state of each
M ∈ [−J ′, . . . ,J ′], we may subtract contributions from all states with higher3 J by:

ρ(E∗,J ′) ≡ ω(E∗,M = J ′,J = J ′) = ω(E∗,M = J ′)− ω(E∗,M = J ′ + 1), (2.23)

where the equivalence is due to the fact that ρ(E∗,J) = ω(E∗,M, J) for any fixed value
of M . For J �

√
〈M2〉 , this is approximated as

ρ(E∗,J) ≈ − d

dM
ω(E∗,M)

∣∣
M=J+1/2, (2.24)

3states with lower J , J < J ′, do not contribute, since they do not contain a M = J ′ state.
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2. Theoretical Background

which gives the J dependence as

ρ(E∗,J) ≈ ω(E∗)√
2〈M2〉

2J + 1
2 exp

(
−(J + 1/2)2

2〈M2〉

)
. (2.25)

Secondly, for excitation energies much greater than the level spacing, it makes sense
to smear out the discrete levels in order to get a continuous function, and to get it on a
closed form. The usual way this is done is by observing that the partition function

Z(β) =
∑
i

ω(Ei) exp (−βEi(A)), (2.26)

formally is the Laplace-transform of the density of states. Here, Ei is the energy of the
level i and β = 1

T is the reciprocal nuclear temperature. Approximating the above sum
as an integral and performing the inverse Laplace transform gives us

ω(E) = 1
2πi

∫ i∞

−i∞
Z(β) exp (βE) dβ, (2.27)

which is often solved by applying a saddle-point approximation. For a description of the
saddle-point approximation, see, for example, Arfken, Weber and Harris [19].
The above facts will be useful to understand the form and some results surrounding

the level density used in this work, which we do not derive here:

ρ(U,J) = 1√
2 24

1
a1/4U5/4 exp (2

√
aU ) 2J + 1

Θ
3/2
eff /(~3β3/2)

exp
(
−(J + 1

2)2/(2Θeff/(~2β))
)
.

(2.28)
This is a version of the widely-used expression for the level density of a Fermi gas
that takes angular momentum J into account, in accordance with the theory presented
above [20]. Here, U is an effective excitation energy above the yrast line, corrected for
shell and pairing effects. It is given by

U = Eeff + f(Eeff)δS + g(Eeff)δP, (2.29)

where f and g describe the damping of shell and pairing effects with increasing energy,
and Eeff = E∗−Eyrast. The yrast energy4, Eyrast, is the lowest energy for a given angular
momentum, here taken to be

Eyrast = J(J + 1)~2

2Θ⊥
, (2.30)

which is the energy corresponding to a quantum-mechanical axial-symmetric rotor rotat-
ing around a symmetry axis perpendicular to its elongation. Θ is the moment of inertia
of the nucleus, which also enters into (2.28). This yrast energy is not, strictly speaking,
the lowest energy for a given J , but the energy of a collective rotational excitation [22].

4From the Swedish word “yrast”, which in this context means “whirliest” [21].
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2.1. Nuclear Collisions

As may be interfered by comparing (2.25) with (2.28), the expectation value 〈M2〉 is
closely connected to the moment of inertia Θ. Ericson [22] provides a simple, although
not especially rigirous, explanation for this: If we assume that a nucleus of spin J has
some of its energy in a rotational excitation of the form expected of a classical rotor,
~2J2

2Θ , then it will not have this energy available for intrinsic excitations5. Hence, we
adjust the energy according to E∗ → E∗ − ~2J2

2Θ , as we have done above in the effective
excitation energy (2.29). Furthermore, if we approximate the rapidly growing ρ(E∗) as
an exponential, we can write

ρ(E∗ − ~2J2

2Θ ) = ρ(E∗) exp (−~2J2

2Θ ), (2.31)

and comparing this equation with (2.25) gives a direct relation between Θ and 〈M2〉.
We now return to Equation 2.29.

Shell and pairing energy The pairing energy δP can be estimated from the average
separation energy for the surrounding nuclei (in an (N,Z) plot, like an isotope chart),
which is close to the actual observed shift between odd and even nuclei [22]. Neutrons
and protons have different pairing energies, which is to be added or subtracted when
neutron or proton number, respectively, is odd or even. The shell energy δS can either
be calculated from a microscopic model, or – as we have done – can be be estimated
together with the pairing energy by subtracting masses predicted by a macroscopic
models from experimental masses, as suggested by Schmidt and Morawek [14]. This
yields the microscopic contribution to the masses, which is identified with the sum
δS+ δP . For this purpose, the macroscopic part of the 1992 edition of the Finite-Range
Droplet Model (FRDM-1992) [23] was used. This model is presented in more detail in
section 2.2.
The damping of shell effects with energy can be described by an exponential function

f(Eeff) = 1− exp (−Eeff/Ed), (2.32)

where Ed is the shell-damping energy

Ed = 0.4
a
A4/3, (2.33)

where a is the level-density parameter, which for a spherical nuclei can be approximated
by

a = A

14.61 MeV(1 + 3.114A−1/3 + 5.626A−2/3). [14] (2.34)

This parameter also enters directly into (2.28), and is directly related to the inverse level
spacing at the Fermi level, a = π2

6
1
d .

5The ~ being there to compensate for the fact that J is dimensionless in our notation.
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2. Theoretical Background

Likewise, the damping of pairing effects with energy can also be described by a simple
function, in this case

g(Eeff) =
{

1− (1− Eeff/Ec)2 Eeff < Ec

1 Eeff ≥ Ec. [14]
(2.35)

The critical energy Ec is approximately 10 MeV and is taken to vary with angular mo-
mentum,

Ec = 10 MeV
√

1− (J/Jc)2 , (2.36)

where the critical angular momentum6 Jc has been set to 12.

Moment of inertia Since we have restricted ourselves to spherical nuclei in (2.34), the
moments of inertia satisfy Θ⊥ = Θ‖. In particular, for a sphere with constant density,
we have

Θ = 2
5MR2

0 ≈
2
5A

5/3 × u× r2
0 (2.37)

The approximation is obtained by inserting R0 = r0A
1/3 and M = uA, where r0 =

1.16 fm is the nuclear radius constant, with the same value as in the macroscopic model
[23]. u is the atomic mass units, u ≈ 931.5 MeV.

Reciprocal tempeture β Finally, β in (2.28) is the reciprocal nuclear temperature7
β = 1/T . It can be calculated from a

β , which is obtained by solving

a/β =
√

(aU)[1− exp−a/β] , [18] (2.38)

which can be done numerically by iterating

(a/β)n+1 =
√
aU [1− exp−(a/β)n] (2.39)

from a suitable initial guess (a/β)0. (a/β)0 =
√
aU was used here, which solves (2.38)

for (a/β)→∞ and is known to be a good starting value [18].
The level density of 20Ne for different spin with and without subtracting the yrast-

energy is illustrated in Figure 2.3. As can be seen in the figure, the level densities for
higher spin start at a lower value for low energies; values much lower than 1 level/MeV,
which indicates that the continuous view of energy levels fails at these energies. The spins
appear to be split up in 2 groups, one for J ≤ 1 and one for J > 1. The level densities
for 4 ≥ J > 1 initially grow rapidly, until they overtake the lower spin level densities and
settle at a seemingly proportional relationship with each other. The J dependence seem
to saturate at higher J , but the (2J + 1) exp (−~2β(J + 1/2)2/2Θ) factor indicates that
there is a maximum in J . The actual behaviour may be a bit different, though, since U

6The value of the critical angular momentum and the momentum dependence in general is from the
CODEX code. I have not been able to find any other source.

7It really is the reciprocal temperature at the saddle-point, see e.g. Feldmeier [18].
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2.1. Nuclear Collisions

has a complicated dependence on J . Note that the approximation (2.24) is not valid for
higher J , so this maximum in J is probably not physical. The same general behaviour
is seen for the other nuclei at the A = 20 isobar.
In order to see if these are general feature of our model, we also investigate 99Zr –

this nucleus is being chosen arbitrarily as an example of a non-fissile nucleus far from
the A = 20 isobar. The corresponding plots of the level densities are seen in Figure 2.4.
We note that the inclusion of the yrast energy is not nearly as significant for the spins
under consideration, since the larger value of Θ reduces the yrast energy of a given J .
Another thing to note is that it is only for J ≥ 3 that we see a hint of a dip for lower
energies. This could perhaps indicate that the pronounced spin dependence seen for
lower energies in the A = 20 isobar will reveal itself for yet higher spin. This would be
a consequence of the greater moment of inertia, since the spin only appears in the level
density together with Θ.
In any case, this is low-energy behaviour, and both the Fermi gas model [18] and the

very notion of a continuous level density has problems for low energies. Most notably,
the Fermi gas model itself, without compensating for shell and pairing effects, predicts
a singularity at U = 0, which is why we see an increase in the level density for lower
energies and spin in both Figure 2.4 and in Figure 2.3, which have been truncated at
E = 0.1 MeV in order to avoid this.
The level density was also investigated for a fixed spin for different isotopes of the

A = 20 isobar, but no conclusive trends were found.
On the other hand, for the isotope Z = 10, the level density for higher energies

generally increases with additional neutrons, which is to be expected, since there are
more ways to arrange the nucleons for a given excitation energy, this is illustrated in
Figure 2.5, where the brighter lines correspond to heavier nuclei.
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Figure 2.3.: The energy dependence of the level density of 20Ne for spin J = 0,12 , . . . , 4.
In order to be able to compare level densities for different spin at the same
effective energy above the yrast line, the yrast energy has not been subtracted
from Eeff in 2.3b.
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Figure 2.4.: The energy dependence of the level density of 99Zr for spin J = 0,12 , . . . , 4.
The yrast energy has not been subtracted from Eeff in 2.4b.
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2. Theoretical Background

Transition Probabilities

The decay width dΓν,l into a given final energy interval [Ef ,Ef + dE] by particle ν with
orbital angular orbital momentum l also depends on the transition probability Tl(εν).
One of the more well-known models of a transition probability by particle decay is

the Gamow model for alpha decay, in which the mother nucleus (Z,N) is modeled as
essentially being composed of a “ready-to-go” alpha particle and the daughter nucleus
(Z − 2,N − 2) and the probability to decay is given by the probability for the alpha
particle to tunnel through the potential due to the daughter nucleus, with an additional
factor depending on how often the alpha particle has a chance to tunnel.
This model is readily generalized to other particle decays: we may just as well imagine

a proton being formed inside the mother nucleus (Z,N), and tunneling through the
potential from the daughter nucleus (Z − 1,N).
In order to make this model quantitative, we need an actual potential. Approximating

the charge distribution of the daughter and tunneling particle as spherical, we may model
the potential due to electrostatic interaction as a simple Coulomb potential, which gives
us

V = VCol + · · · = Z1Z2
e2

r12
+ . . . , (2.40)

in non-rationalized units. If we go ahead and assume that not only the charge distribu-
tion, but the potential as a whole is spherically symmetric, we can employ the standard
procedure of separating the problem into a radial and angular part, where the radial
potential is given by

Vr = Z1Z2
e2

r12
+ l(l + 1)~2

2µr2 + . . . . (2.41)

Here we still need additional terms to take the effective nucleon-nucleon intraction into
account. The assumption of spherical symmetry also gives us the angular part of the
wave function as a spherical harmonic, determing the angular distribution of the emitted
particle in the center-of-mass frame.
The nuclear part of the potential used by CODEX is a proximity potential [5, 24].

Proximity potentials may be derived from a more general approximation method, in
which two nearby surfaces are divided into several parallel surfaces, close enough to be
approximated as semi-infinite, see Figure 2.6 [25]. The contributions from the different
sets of parallel surfaces are assumed to be additive. The potential energy is calculated
for these slabs, and factors to correct for the actual geometry are introduced. This
approach is widely used in Casimir force calculations between objects of a more arbitrary
shape [26]. This approximation is also known by “Derjaguin approximation” in other
fields [25].
In the nuclear case, the situation is somewhat complicated by the fact that the form

of the nucleon-nucleon interaction is unknown. As such, there exist several proximity
potentials [27]. Dutt et. al. showed that 12 common proximity potentials were able
to predict fusion barrier heights within 10% of the experimental values for asymmetric
fusion reactions ranging from 12C+ 17O to 86Kr+ 208Pb [27]. Proximity-type potentials

18



2.1. Nuclear Collisions

≈
zz

z

Figure 2.6.: A schematic sketch of how the proximity approximation is carried out. Two
close surfaces are approximated as a series of parallel surfaces, which in turn
are approximated as infinite parallel surfaces, for which the potential energy
is easier to calculate. This result is then summed up for all parallel surfaces.

have also been used to study alpha and proton emission [28, 29], which is closer to our
intended application8.
The proximity potential is given by

VN = Cφ(ζ), (2.42)

where φ(ζ) is the so-called universal function, which for a given nucleon-nucleon inter-
action is independent of the geometry of the nuclei in the proximity approximation. ζ is
a unitless distance between the two nuclei, see below. Geometrical factors are contained
in the proportionality “constant” C, which is given by

C = 4πγb rc,1rc,2
rc,1 + rc,2

(2.43)

where γ is the surface energy coefficient, which can be approximated by

γ = 0.9517(1.0− 1.78260× I2), (2.44)

where I = (N − Z)/A is the neutron excess.
We use the universal function by Blocki, 1997,

φ(ζ) =
{
−0.5(ζ − 2.54)2 − 0.0852(ζ − 2.54)3 ζ < 1.2511
−3.437 exp (−ζ/0.75) ζ > 1.2511, [24]

(2.45)

8It is not immediately obvious to the author if the assumptions of the proximity potential formalism
applies to proton or alpha decay. It does however reproduce experimental half-lives to a reasonable
degree, see e.g. Balasubramaniam and Arunachala [28], this is for emission from heavier nuclei,
though.
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2. Theoretical Background

where ζ is the distance between the two nuclear surfaces, normalized with respect to the
typical surface diffuseness b of the nuclei, here taken to be 1 fm [24]. More explicitly, we
have

ζ = r − rsum
b

, (2.46)

where b is the surface diffuseness, and rsum is roughly the sum of the radii of the two
nuclei, so that r− rsum gives the distance between the nuclear surfaces [24]. An effective
sharp nuclear surface may be estimated by the formula

rsharp = 1.28A1/3 − 0.76 + 0.8A−1/3 fm. [24] (2.47)

Equation 2.47 is used to estimate the radii of all nuclei, and as a result rsharp = 1.32 fm
for protons and neutrons, which is slightly different from the value of r0 that is normaly
used. In the proximity potential, it is preferable to use the central radius rc rather than
the effective sharp radius [24], which is given by

rc = rsharp

(
1−

(
b

rsharp

)2
)
. [30] (2.48)

Hence, rsum = rc,1 + rc,2.
Since the proximity model takes the spatial extent of the nuclei into account, we

modify the Coloumb-interaction accordingly, from that of a point particle to that of a
homogenously charged, solid sphere

VC =


Z1Z2e2

r r > rch
Z1Z2e2

r2
ch

(3− (r/rch)2) r < rch,
(2.49)

where we here use the more common formula for the charge radius, rch = r0A
1/3.

In Figure 2.7, we illustrate the total potential of 20Ne for tunneling of protons and
neutrons. The individual contributions to the total potential may be discerned by looking
at the potential for the emission of l = 0 neutrons (which are only affected by the
proximity potential) and l = 0 protons (which have to tunnel through the sum of the
Coulomb and the proximity potential). On this energy scale, the barrier the protons
have to tunnel through is merely 2MeV high, but since the proton separation energy for
20Ne is 12MeV, it will only happen for excitation energies above 12MeV, as the proton
does not have a positive energy otherwise9. Neutrons with a positive energy and l = 0
do not have to tunnel at all, and exist as resonances above the potential barrier. The
tunneling formalism does not apply in this case, and we instead use (2.55), which we
discuss later.
We also see that the centrifugal part quickly dominates, essentially a result of protons

and neutrons being relatively light particles: for α-decay, the centrifugal part is about one
fourth of the values displayed above, and the l-dependence of the tunneling probability is

9Note that this separation does not coincide with the depth of the potential well: we only use the
potential to calculate transmission coefficients.
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2.1. Nuclear Collisions

not very significant for low l [31]. This strong l-dependence makes proton radioactivity a
sensitive probe for the orbital angular momentum of valence protons for proton emitting
nuclei [28]. However, in this case, it also poses a problem, since, for high l-values, it
removes the potential well created by the Coulomb and proximity potential. Even for
moderate l values, it makes particles with low energy classically forbidden within the
the radius of barrier (see Figure 2.7), which appears inconsistent with the picture of a
preformed particle tunneling through said barrier. The solution adopted in this work is
to assign zero probability to tunnel for particles that are classically forbidden within the
nucleus. This will supress decay for higher l, since the bottom of the potential well rises
as l does. For a higher l, the potential well disappears entirely10.
Given the potential, the transition probability can be calculated in the WKB approx-

imation as
Tl(εν) = exp (−2G), [15] (2.50)

where

G =
√

2~
µ

∫ r2

r1

√
Vl(r)− εν dr. (2.51)

The classical turning points, r1 and r2, are the inner and outer radii for which the kinetic
energy is equal to the potential energy. It should be noted that the WKB approximation
is not, strictly speaking, valid for regions where the potential is approximately constant
over several wave-lengths λ = 2π

k , which will not be valid for at the turning points, since
λ→∞. A somewhat more refined WKB approximation formula is

Tl(εν) = 1
1 + exp 2G, [32] (2.52)

which still suffers from the same short-comings as the previous formula. Nevertheless,
the transition amplitudes calculated with the WKB formula are generally of the right
order of magnitude, which should suffice for our purposes [33].
For ε > Vmax, we can no longer view the emission as tunneling, because the particle

passes “over” the barrier. Instead, we use

Tl = 1
1 + exp

(
− 2π

~ω (E − Vmax))
) , (2.53)

where

~ω = ~
√

1
µ

(
d2Vl
dr2

)
rmax

. [5] (2.54)

10Another solution, attractive since we do not use the potential to estimate separation energies, is to
model the strong interaction as an infinitely deep potential that cancels the centrifugal part, so that
bound particles can always exist in the nucleus. The common V = −∞ for r < rnucleus potential
achieves this. Other solutions found in the literature is to have different, finite potentials below
certain radii, but – in non-relativistic quantum mechanics – this goes against the assumption of
spherical symmetry unless the effective nucleon-nucleon interaction depends on l so to exactly cancel
the centrifugal part.
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Figure 2.7.: The potential used for tunneling of neutrons and protons with l = 0,1,2 from
20Ne. The potential for l = 0 neutrons is exactly the proximity potential
(2.45), while the l = 0 proton’s potential show the sum of the proximity and
Coulomb potential.

We use yet another formula for l = 0 neutrons, which do not have a barrier to tunnel
through, and for which Equation 2.53 cannot be applied, since no maximum exists.
Instead, we use the transmission coefficient for transmission over a step

T0,n = 4
√
E
√
E + V0

(
√
E +

√
E + V0 )2

, (2.55)

where we use the depth V0 = 40 MeV, the value being chosen to approximate the depth
of the nuclear potential [34]. This was the formula used in CODEX.
The transmission coefficients corresponding to the potentials in Figure 2.7 are pre-

sented in Figure 2.8. We see that the l = 0 neutrons do not behave as expected, in that
they have a lower transmission coeffiecient than both protons and l = 1 neutrons. We
also see the very sudden jump from zero to non-zero in the transmission coeffiecients
for higher l-values, a result of our choice to set the transmission probability to zero for
E < Vl,min and to not cut the centrifugal potential below some r-value.
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γ-decay The above discription concerns the tunneling of a nucleon or cluster through
a potential barrier, and is thus not applicable to γ-decay.
Gamma transition rates are usually expressed in terms of a strength function, fXl,

like
Tl(E) = E2l+1fXl(E). (2.56)

The factor E2l+1 factorizes out the energy dependence from semi-classical radiation
theory, so that the strength function contains the nuclear information. X here refers to
the type of radiation, electric or magnetic.
There are many ways in which a nucleus can emit photons, and hence several kinds

of strength functions. For our purposes, collective excitations are the most important,
and the modes that dominate are the Giant resonance, in particular the E1, E2 and
M1 modes [20]. These collective excitations are vibrational in nature, and give rise to
Lorentzian strength functions.
The strength functions used in this work are

TE1 = ZN

A

4e2

3πu~
EγΓE1

(E2
γ − E2

0)2 + (EγΓE1)2

TE2 = 6Ze2

25π~3u
R2
(

1 + 5
2
b2

R2

)∑
j

1
2

EγΓE2
(E2

γ − E2
0j)2 + (EγΓE1)2 ,

(2.57)

where R = r0A
1/3 is the nuclear radius and b the surface diffuseness, a parameter also

used in the proximity potential. The presence of Z and N in the above equations are to
account for the number of nucleons participating in the excitation [35]. The peak values
are given by

E0,E1 = 80
A1/3 MeV,

E01,E2 = 63
A1/3 MeV 130

A1/3 MeV.
(2.58)

The value 80/A1/3 is supposedly a good fit for medium to heavy weight nuclei [35], while
the 63/A1/3 and 130/A1/3 are too diffuse to reliably observe in light nuclei [36] [37]. As
such, it may be desirable to use other values for light nuclei, as well as adding in the
possibility of an M1-transition.

2.2. Finite-Range Droplet Model

In order to find the shell and pairing energy, δS and δP in (2.29), we subtracted the mass
deduced from a macroscopic model from the experimental mass. The macroscopic part
of the Finite-range droplet model with parameters fitted to nuclear data in 1995 [23] was
used for this. The macroscopic part of the FRDM is in essence a refined version of the
semi-empirical mass formula (SEMF). Just like the SEMF, the FRDM contains volume,
surface, Coloumb, asymmetry (in the form of a Wigner term) and pairing terms. It also
contains numerous other terms, not discussed here, but see the original literature [23].
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2.2. Finite-Range Droplet Model

Important to note is that our macroscopic energy was obtained for spherical nuclei,
while the model parameters of the FRDM were fitted to experimental mass exesses while
using deformations from a previous iteration. As such, our calculated macroscopic mass
excesses do not contain deformation energies, and when we calculate the microscopic
(pairing and shell energy), we actually calculate

Eexp − Emac(sphere) = Es+p + Edeformation, (2.59)

which means that for deformed nuclei, our estimate of shell and pairing effects will
include contributions from the deformation energy. Since the rest of the code does not
take deformations into account, this is not really an additional constraint.
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3. The Code

The CODEZ1 code, based on CODEX [5], contains models for the various quantities
needed in statistical models. It is written to be extendable and to a large extent modular,
so that the various models can easily be replaced. Details on the specific models may be
found in section 2.1. To achieve this modularity, the code is written in C++ and makes
use of object-oriented programming concepts.
The tabulation of decay probabilities, the deexcitation and the models all compile to

different object-files, which are linked to produce executable files with various purposes –
such as deexciting a nucleus until its excitation energy reaches a certain value, finding the
most common decay channel for several different nuclei with given excitation energies,
export level densities, etcetera. This removes the need to excessively control the program
flow in the individual main-files, which makes the code easier to read, since it mostly
describes the physics – although it may lead to some code duplication.
The part of the program that deexcite excited nuclei is structered as follows: Decay

processes are specified by model objects, which contain models for calculating transition
probabilities to possible final states. “Probabilities” here refers to d2Pν/dtdE, the prob-
ability to decay to a final state in energy interval dE during the time dt by the process
ν. The probabilities do not need to be normalized. The model objects implement a
function that for a given energy discritization tabulates a specification of the decay (The
excitation energy of the final state, the spin of the final state, the particle ν which has
been emitted in the decay, its orbital angular momentum) along with a corresponding
cumulative probability. A complete table of cumulative transition probabilities and final
states is generated by looping over all model objects.
A de-excitation step may then be performed by drawing a random number between

0 and the final cummulative probability, and looking up the corresponding decay in the
table. Several one-step decays from the same state may thus be performed with little
extra computational costs.
The next section describes the individual executable programs, and demonstrates how

they may be used together to solve more complicated tasks.

1The name being chosen to emphasize the fact that the code consists of several independent modules,
and as a homage to CODEX.
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3.1. Programs

3.1. Programs

The CODEZ code contains three types of subprograms: programs to generate lists of
nuclei, programs that run on a list of nuclei, and programs that process the output of
the latter programs. The different kinds of programs may be used in a pipe, like

l i s t | run | p roc e s s

In addition, there are a few OCTAVE scripts distributed with the code to generate
plots.

3.1.1. List generating programs

The first kind of program simply generates lists of nuclei to perform calculations for.
The output of these programs are of the form illustrated by this example output:

#comment
∗Event 1
Z11 N11 E11 J11 px11 py11 pz11
Z12 N12 E12 J12 px12 py12 pz12
∗Event 2
Z21 N21 E21 J21 px21 py21 pz21

where Z,N,E,J,p specify the proton number, neutron number, excitation energy, spin
and 3-momentum of the nucleus. Simpler lists could easily be written by hand, but
the list-type programs make it possible to run a specific calculation (as specified by a
“run-type” program) easily for a range of nuclei, or nuclei generated by a specific process.

NUCLIST

The NUCLIST program simply generates a list of nuclei for a given N , Z or A range;
with a given excitation energy, spin and initial momentum. This program can be used
to determine spectra from excited nuclei of certain isotopes, isobars and isotones.
Each nucleus is placed in a separate event.

QUASI

This program simulates a quasi-elastic scattering event, producing an excited prefrag-
ment as well as the participating knocked-out cluster and target fragment. The beam
energy, the number of events, the colliding nuclei must be specified, as well as the exci-
tation energy and spin of the spectator prefragment.
The target and cluster fragments are assumed to be in their ground states, which

should be a good assumption for lighter clusters and targets.
Each scattering event is placed in a separate event.
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3. The Code

3.1.2. Programs to run on nuclei-lists

These programs can be run on a list produced by the above programs in order to perform
various calculations.

SPECTRA

This program, primarily intended to be run on the output of NUCLIST, prints the prob-
abilities of various decay modes from the initial states specified by the nuclie-list. The
–details flag controls to which level of detail the spectra are printed. This is essen-
tially a program to illustate the decay widths as calculated by the program, and hence
it ignores event numbers.

DEEXCITE

The bulk work of an event generator is performed in this program. Each nucleus in
each event in the input file is deexcited until it is below a specified threshold energy, or,
alternatively, a given number of deexcitation steps can be specified. The resulting nuclei
are printed to a new list, with the event number inherited from their mother nuclei.
Combined with the output of QUASI and the post-processing program LIST2GUN, this
program is able to act as an event generator for GEANT4 through the wrapper GGLAND.

RHO

This program produces a tab-separated value (tsv) file of the level density for each nucleus
in the input list. By default, only the Z,N and J of the nuclei is used, and the level
density is plotted for a range of excitation energies, rather than the actual energy of the
nuclei in the input files, which are ignored in this mode.

POT

Like RHO, this program produces a tab-separated value (tsv) file for each nucleus in the
input list, this time of the potential a particle has to tunnel through to be emitted by
the nuclei in the list. The potential for a given particle-decay can be exported for a
range of l values.

TRANS

This program calculates transmission coefficients and prints these to a tsv-file. It takes
the same input as POT.

3.1.3. Programs to process the output of the above programs

These programs are used to convert the output to formats more suitable for storage and
analysis, or to make it possible to use them as input for other simulations.
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3.1. Programs

OUT2GUN

This program creates a GGLAND gun file, which can be used to specify particles and
their initial momenta in GGLAND. This allows the output of the above program to be
propagated through a simulated experimenta setup.

OUT2ROOT

This converts the tsv-files produced by the above programs to a ROOT-file with a tree.
This makes it easier to analyze how the output of the simulation depends on the input.

OUT-SPECTRA2ROOT

Like OUT2ROOT, this creates a ROOT-file with a tree. Unlike the previous program, this
is intended to be run on the output of the SPECTRA program, and thus does not rep-
resent informations about stochastically generated particles, but rather the underlying
probabilities.
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4. Results

4.1. Prefered Decay Channels
As a first qualitative test to the code, we consider the decay of a wide range of nuclei,
from (Z,N) = (10,10) to (90,130). A list of all eligible nuclei was generated by NUCLIST,
for 4 different exciation energies, E∗ = 5, 10, 15, 20 MeV, and J = 0 was generated
using NUCLIST. The most likely decay channel of these nuclei were then calculated with
SPECTRA.
The results, which were run though an OCTAVE script to plot each nuclei on a chart,

is presented in Figure 4.1 and Figure 4.2. In the first picture, we see how the nuclei close
to the line of β-stability preferentially decay by emitting a gamma at E∗ = 5 MeV, but
already at E∗ = 10 MeV, most nuclei are particle unstable. Proton separation energies for
stable nuclei are in the range of 7−9 MeV [38], so these results should be reasonable. We
also see a distinct odd-even effects: nuclei with an even number of a nucleon tend to have
higher separation energies, due to pairing. Finally, we note that neutron evaporation
is by far more common across the chart, which is to be expected, since protons have
to tunnel through the Coulomb barrier. Note however that our Fermi-gas level density
will not be valid for low energies, where the discreteness of the levels should be taken
into account – these results should be viewed more like a benchmark of the code, than
physical predictions.
At yet higher energies, a few potential oddities appear. According to CODEZ, relatively

neutron rich nuclei decay by emitting a proton – neutron rich meaning below the region
of “proton instability”, and in one case even below the line of β-stability! It could
perhaps be that once the energy is high enough for protons to readily tunnel through the
Coulomb barrier, a high level density in the daughter nucleus makes the program favor
proton decay. This kind of reasoning could also be applied to alpha particles, which
have a higher Coulomb barrier, but may be allowed to dominate at sufficiently high
energies if the level density of the daughter is favorable. However, we see a few nuclei,
(Z,N) = (17,15); (32,33); (33,34) that decay by proton evaporation at E∗ = 10 MeV, then
by α at E∗ = 15 MeV and by proton at E∗ = 20 MeV, which could indicate that there is
no simple energy threshold above which more density favored decay start to dominate.
However, α and protons have vastly different centrifugal barriers, which perhaps may
explain the more complicated shifts in prefered decay modes.
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4.1. Prefered Decay Channels

These results where compared with the output of another nuclear reaction code, TALYS
[6]. Specifically, TALYS-1.73 was used, since it adds a keyword to make TALYS print the
emission spectra from a specific excited level1. The results of the TALYS simulations
can be seen in Figure 4.3, for E∗ = 20 MeV. This energy was choosen since TALYS uses
discrete levels for lower excitation energies, and is thus often unable to populate nuclei
close to specific energies, such as E∗ ≈ 5 MeV. No restriction on the spin of the levels
were imposed, and in the cases where two levels were suitably close to E∗ ≈ 20 MeV, the
highest level was chosen. Even then, TALYS was unable to populate an E∗ ≈ 20 MeV
level for some nuclei (white in Figure 4.3). In at least one case, 74Rb, this is due to
the fact that TALYS, by default, uses discrete levels even at E∗ = 20 MeV2. In other
cases, I believe this is due to how TALYS discretizes the continuous energy, since I could
populate levels close to 20MeV for other problematic nuclei by changing the energy of
the highest discrete level.

We see that the spectra are in qualitative agreement, and that the oddities of the
CODEZ output is not present in the TALYS results, which one the whole has a less jagged
boundary between the region of proton and neutron instability.

4.1.1. A more detailed spectra of the A = 28 isobar.

In order to investigate how the region of proton and neutron instability evolves with
higher excitation energies, we look at the particle spectra of the A = 28 isobar. This
isobar was chosen since it displays some of the anomalous behavior discussed above,
and since we eventually want to focus on lighter nuclei when we later apply the code.
The behaviour for lower energies is illustrated in Figure 4.4. 28F is neutron unbound,
while the other nuclei start to decay dominantly by neutron and proton emission almost
as soon as they pass over the separation energies, which is presented in Table 4.1. At
even higher energies, as presented in Figure 4.5, alpha evaporation starts to become
energetically possible, and also – apparently – tritium evaporation, although that has
a low probability of occuring. At yet higher energies, Figure 4.6, the probabilty for
alpha decay starts to decrease again – possibly due to evaporation of partilces in higher
l-states becoming possible for the lighter particles. For comparison, the output spectra
from TALYS at E∗ = 20 MeV is presented in Figure 4.7. Notably, the α-branching ratio
is significantly lower for 28Si.

1Thanks to Arjan Koning for implementing this!
2In TALYS default files, 74Rb has very few levels – not even the 100 levels the manual states that every
nuclei should have. These levels go to much higher energies compared to other nuclei, and given how
sparse they are, it seems very likely that this is a bug.
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5-spectra.tsv

0.787 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 0.985 0.921 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.993 0.998 0.829 0.888 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 0.998 0.999 1.000 0.719 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 0.995 0.891 0.998 0.778 0.867 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.999 0.893 0.715 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.987 0.989 0.986 0.934 0.577 0.777 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.996 0.522 0.982 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.974 0.996 0.750 0.805 0.630 0.727 1.000 0.976 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.922 0.974 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.982 0.976 0.794 0.996 0.723 0.670 0.968 0.733 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.944 0.950 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.994 0.977 0.792 0.779 0.750 0.527 0.921 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.936 0.988 0.663 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.974 0.860 0.861 0.881 0.564 1.000 1.000 0.989 0.833 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.932 0.507 0.992 0.994 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.998 0.995 0.945 0.698 0.659 0.847 0.946 0.979 0.995 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.666 0.900 0.976 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.988 0.919 0.982 0.755 0.597 0.732 0.664 0.987 0.980 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.817 0.867 0.989 0.887 0.994 0.991 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.985 0.893 0.945 0.768 0.621 0.589 0.949 0.904 0.981 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.970 0.914 0.980 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.998 0.995 0.982 0.904 0.796 0.966 0.627 0.883 0.906 0.940 0.991 0.989 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.755 0.514 0.936 0.977 0.966 0.995 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.994 0.875 0.819 0.544 0.537 0.937 0.808 0.960 0.987 0.912 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.844 0.853 0.568 0.981 0.976 0.886 0.992 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.987 0.974 0.840 0.972 0.572 0.570 0.661 0.891 0.972 0.929 0.995 0.998 1.000 1.000 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.797 0.960 0.995 0.992 0.999 1.000 0.995 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.977 0.991 0.974 0.691 0.911 0.795 0.764 0.812 0.579 0.972 0.995 0.996 0.999 0.943 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.912 0.965 0.987 0.993 0.999 0.995 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.994 0.868 0.927 0.897 0.993 0.827 0.812 0.866 0.946 0.940 0.987 0.992 0.983 0.997 0.967 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.757 0.941 0.977 0.998 0.969 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.966 0.854 0.861 0.597 0.660 0.785 0.636 0.795 0.916 0.951 0.955 0.991 0.988 1.000 0.999 1.000 1.000 1.000 1.000 1.000 0.935 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.854 0.969 0.978 0.618 0.998 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.934 0.942 0.892 0.917 0.945 0.823 0.556 0.503 0.936 0.990 0.993 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.959 0.989 0.993 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.916 0.732 0.914 0.506 0.628 0.904 0.685 0.950 0.949 0.989 0.974 0.990 0.998 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.953 0.987 0.996 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.794 0.678 0.523 0.888 0.649 0.587 0.933 0.926 0.975 0.984 0.996 0.979 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.948 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.889 0.630 0.834 0.567 0.680 0.730 0.933 0.975 0.984 0.997 0.970 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.993 0.991 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.852 0.959 0.989 0.718 0.914 0.928 0.970 0.831 0.998 0.986 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.999 0.998 0.987 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.789 0.564 0.682 0.934 0.566 0.972 0.962 0.966 0.996 0.999 0.995 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.773 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.636 0.593 0.908 0.924 0.861 0.900 0.956 0.848 0.946 0.975 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.995 1.000 0.977 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.768 0.509 0.584 0.866 0.621 0.717 0.599 0.991 0.984 0.995 0.995 0.997 0.999 0.995 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.502 0.522 0.827 0.791 0.695 0.916 0.986 0.976 0.988 0.988 0.997 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.794 0.900 0.872 0.965 0.981 0.969 0.996 0.991 0.917 1.000 0.990 1.000 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.823 0.982 0.979 0.998 0.996 0.986 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.992 0.998 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.910

0.972 0.996 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

(a) E∗ = 5 MeV
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1.000 0.958 0.978 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.863 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.988 1.000 0.983 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 0.984 0.984 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.984 1.000 0.984 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.937 0.995 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.986 0.999 0.797 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.964 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.799 0.987 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.993 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.918 0.950 0.641 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.995 0.967 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 0.997 0.979 0.603 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.996 0.986 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.995 0.979 0.929 1.000 0.969 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.975 0.997 1.000 0.924 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 0.999 0.997 0.996 0.995 0.673 1.000 0.945 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.970 0.892 0.999 0.946 0.932 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 0.980 0.981 0.989 0.955 1.000 0.943 1.000 0.999 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 0.999 1.000 0.628 0.998 0.988 0.989 0.999 0.938 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.996 1.000 0.943 0.988 0.882 1.000 0.979 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 1.000 1.000 0.824 0.998 0.968 0.991 0.999 0.797 1.000 0.860 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 0.988 0.992 0.704 0.594 0.998 0.983 1.000 0.999 1.000 1.000 1.000 1.000 1.000 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 0.999 0.999 0.998 0.997 0.949 0.988 0.973 0.952 0.999 0.697 1.000 0.992 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.993 0.988 0.897 0.818 0.914 1.000 0.972 0.999 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 0.999 1.000 0.997 0.997 0.985 0.998 0.936 0.970 0.999 0.553 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.991 0.987 0.929 0.879 0.562 0.968 0.910 0.995 0.692 0.999 0.985 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 0.999 0.996 0.998 0.990 0.985 0.983 0.971 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.989 0.961 0.999 0.928 0.542 0.660 0.890 0.824 0.896 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 0.999 1.000 0.998 0.990 0.999 0.989 0.998 0.991 0.998 1.000 0.999 1.000 1.000 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.989 0.999 0.950 0.942 0.574 0.682 0.538 0.999 0.964 1.000 0.970 1.000 0.998 1.000 0.996 1.000 0.996 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 0.999 0.999 0.850 0.986 0.991 0.910 0.999 0.996 1.000 0.994 1.000 0.998 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.992 0.982 0.945 0.966 0.997 0.726 1.000 0.963 1.000 0.998 1.000 1.000 1.000 0.995 1.000 0.993 1.000 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 0.999 0.999 0.903 0.999 0.979 0.949 1.000 0.742 0.999 0.983 1.000 0.999 1.000 0.996 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.996 0.975 0.996 0.975 0.981 0.634 0.998 0.864 0.999 0.995 1.000 1.000 1.000 1.000 1.000 0.999 1.000 0.995 1.000 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 0.999 0.998 0.884 1.000 0.997 0.930 0.997 0.642 0.999 0.812 1.000 0.992 1.000 0.995 1.000 0.998 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.983 0.991 0.982 0.978 0.573 0.997 0.741 0.999 0.987 1.000 0.999 1.000 1.000 1.000 0.995 1.000 0.992 1.000 0.994 1.000 0.997 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 1.000 1.000 0.999 0.998 0.896 0.991 0.974 0.961 0.987 0.792 0.997 0.806 0.999 0.986 1.000 0.992 1.000 0.998 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.569 0.972 0.998 0.822 0.988 0.702 0.987 0.690 0.998 0.949 1.000 0.991 0.999 1.000 1.000 0.868 1.000 0.984 1.000 0.993 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 0.998 0.993 0.798 0.991 0.890 0.965 0.968 0.757 0.989 0.521 0.999 0.918 1.000 0.980 1.000 0.993 1.000 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.988 0.954 0.993 0.828 0.882 0.981 0.960 0.935 0.997 0.767 0.998 0.997 0.999 1.000 0.999 1.000 1.000 0.955 0.999 0.994 1.000 0.997 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.999 0.999 0.995 0.999 0.984 0.984 0.499 0.932 0.927 0.893 0.990 0.627 0.996 0.791 0.993 0.962 0.999 0.988 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.874 0.615 0.652 0.547 0.816 0.790 0.985 0.988 0.995 0.993 0.997 0.999 0.999 1.000 0.999 0.731 1.000 0.993 1.000 0.993 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.999 0.998 0.992 0.997 0.995 0.909 0.945 0.816 0.784 0.979 0.536 0.996 0.912 0.998 0.741 1.000 0.951 0.999 0.992 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.916 0.841 0.696 0.582 0.691 0.563 0.928 0.966 0.985 0.990 0.974 0.996 0.974 0.997 0.999 0.999 1.000 0.999 0.970 1.000 0.991 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.995 0.997 0.996 1.000 0.936 0.940 0.873 0.830 0.893 0.614 0.986 0.679 0.992 0.919 0.998 0.961 0.999 1.000 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.952 0.842 0.722 0.609 0.824 0.951 0.973 0.975 0.994 0.732 0.992 0.998 0.995 0.999 0.998 1.000 0.998 0.854 1.000 0.998 1.000 0.998 1.000 0.999 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.995 0.995 0.985 0.987 0.942 0.961 0.896 0.863 0.975 0.766 0.970 0.554 0.996 0.779 0.993 0.975 1.000 0.997 1.000 0.609 1.000 0.999 1.000 0.996 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.996 0.770 0.708 0.979 0.651 0.603 0.941 0.976 0.994 0.994 0.987 0.997 0.994 0.952 0.994 0.986 1.000 0.994 1.000 0.995 1.000 0.997 1.000 0.991 1.000 0.995 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.996 0.994 0.996 0.997 0.840 0.974 0.674 0.801 0.954 0.538 0.956 0.698 1.000 1.000 0.999 0.991 1.000 0.994 1.000 0.983 1.000 0.992 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.765 0.535 0.543 0.851 0.539 0.928 0.908 0.991 0.967 0.996 0.977 0.990 0.999 0.996 0.999 0.980 1.000 0.992 1.000 0.992 1.000 0.981 1.000 0.994 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.995 0.988 0.993 0.970 0.979 0.858 0.943 0.778 0.792 0.552 0.705 0.996 0.967 0.998 0.993 0.999 0.978 0.999 0.951 0.999 0.973 0.999 0.991 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000

0.762 0.523 0.637 0.863 0.766 0.958 0.950 0.976 0.823 0.735 0.997 0.973 0.998 0.912 0.999 0.882 0.999 0.854 0.999 0.950 0.999 0.985 1.000 0.998 1.000 0.997 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.989 0.984 0.971 0.992 0.946 0.958 0.826 0.845 0.983 0.756 0.992 0.959 0.998 0.919 0.997 0.800 0.997 0.882 0.998 0.988 0.999 0.982 0.999 0.996 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000

0.630 0.738 0.910 0.820 0.946 0.926 0.961 0.992 0.993 0.995 0.998 0.996 1.000 0.998 1.000 0.997 0.858 0.998 0.870 0.999 0.960 0.999 0.987 1.000 0.995 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000

0.993 0.981 0.991 0.964 0.954 0.525 0.796 0.988 0.516 0.988 0.507 0.990 0.932 0.993 0.838 0.995 0.830 0.998 0.900 0.999 0.964 0.999 0.987 0.999 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000

0.514 0.561 0.775 0.917 0.984 0.977 0.986 0.996 0.989 0.989 0.999 0.999 0.994 1.000 0.996 0.940 0.997 0.923 0.998 0.935 0.999 0.983 0.999 0.990 1.000 0.997 1.000 0.999 1.000 0.999 1.000 1.000

0.992 0.998 0.978 0.933 0.887 0.777 0.920 0.809 0.963 0.667 0.978 0.930 0.989 0.557 0.994 0.771 0.995 0.976 0.997 0.993 0.999 0.985 0.999 0.995 1.000 0.998 1.000 0.999 1.000 1.000 1.000

0.580 0.960 0.736 0.980 0.978 0.969 0.994 0.982 0.999 0.991 1.000 0.993 1.000 0.994 1.000 0.996 0.557 0.997 0.914 0.998 0.966 0.999 0.987 1.000 0.994 1.000 0.997 1.000 0.999 1.000 0.999 1.000

0.987 0.555 0.933 0.997 0.927 0.833 0.585 0.901 0.774 0.973 0.831 0.982 0.962 0.988 0.686 0.994 0.875 0.996 0.948 0.998 0.972 0.999 0.990 0.999 0.996 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000

0.937 0.935 0.943 0.970 0.980 0.980 0.999 0.997 0.983 0.999 0.999 0.998 0.990 1.000 0.992 0.844 0.996 0.955 0.998 0.979 0.998 0.970 0.999 0.988 1.000 0.996 1.000 0.998 1.000 0.999 1.000 1.000 1.000

0.978 0.595 0.991 0.574 0.831 0.790 0.620 0.718 0.529 0.924 0.841 0.970 0.938 0.990 0.929 0.990 0.923 0.995 0.876 0.991 0.949 0.998 0.975 0.999 0.994 1.000 0.997 1.000 0.998 1.000 0.999 1.000 0.999

0.643 0.901 0.903 0.947 0.913 0.986 0.933 0.995 0.965 0.997 0.978 0.999 0.983 0.966 0.987 0.736 0.994 0.666 0.997 0.850 0.998 0.963 0.999 0.981 1.000 0.994 1.000 0.996 1.000 0.996 1.000 0.998 1.000
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(b) E∗ = 10 MeV

Figure 4.1.: The prefered decay mode of a wide range of nuclei according to CODEZ, for
various excitation energies and J = 0. The dominant decay mode is in-
dicated as follows: blue=neutron, red=proton, green=gamma, cyan=alpha.
Nuclei that are beta-stable in their ground-state are marked with a white dot.
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0.991 0.980 0.523 0.944 1.000 0.866 0.904 0.688 0.950 0.522 0.976 0.780 0.991 0.925 0.996 0.969 0.998 0.985 0.999 0.988 0.999 0.994 1.000 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000

0.682 0.430 0.984 0.584 0.992 0.699 0.995 0.822 0.997 0.903 0.998 0.932 0.999 0.959 0.999 0.978 0.999 0.988 1.000 0.993 1.000 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000

0.981 0.687 0.897 0.878 0.754 0.956 0.544 0.982 0.607 0.992 0.876 0.997 0.917 0.998 0.963 0.999 0.977 0.999 0.991 0.999 0.996 1.000 0.997 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.679 0.569 0.994 0.730 0.996 0.831 0.997 0.903 0.998 0.940 0.999 0.967 0.999 0.983 0.999 0.990 1.000 0.995 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.943 0.930 0.577 0.973 0.724 0.990 0.836 0.995 0.931 0.997 0.972 0.999 0.985 0.999 0.993 0.999 0.991 1.000 0.998 1.000 0.999 1.000 0.979 1.000 1.000 1.000 1.000

0.911 0.996 0.859 0.997 0.915 0.998 0.951 0.999 0.977 0.999 0.973 0.999 0.994 1.000 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000

0.676 0.685 0.985 0.757 0.992 0.893 0.996 0.957 0.998 0.977 0.999 0.991 0.999 0.995 0.999 0.967 0.998 0.998 1.000 0.998 1.000 1.000

0.948 0.996 0.886 0.997 0.936 0.998 0.969 0.999 0.986 0.999 0.992 0.999 0.996 1.000 0.998 1.000 0.999 1.000 0.997

0.711 0.987 0.831 0.994 0.933 0.997 0.969 0.998 0.988 0.999 0.994 0.999 0.997 1.000 0.999 1.000 0.999

0.960 0.916 0.997 0.962 0.998 0.982 0.999 0.991 0.999 0.997 1.000 0.998 1.000 0.999

0.515 0.911 0.995 0.960 0.997 0.984 0.998 0.994 1.000 0.998 1.000 0.998

0.972 0.954 0.998 0.977 0.998 0.991 1.000 0.996 1.000 0.996

(a) E∗ = 15 MeV
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0.896 0.807 0.688 0.971 0.902 0.586 0.932 0.988 0.982 0.997 0.997 1.000 1.000

0.920 0.548 0.787 0.835 0.787 0.945 0.933 0.977 0.974 0.994 0.766 0.996 0.996 0.999 0.998

0.881 0.692 0.547 0.973 0.752 0.977 0.692 0.993 0.987 0.998 0.999 0.997 1.000 1.000 1.000 1.000 1.000

0.977 0.700 0.963 0.664 0.882 0.809 0.744 0.936 0.952 0.640 0.992 0.998 0.996 0.999 0.998 1.000 0.999 1.000 0.999

0.970 0.932 0.917 0.720 0.531 0.889 0.777 0.937 0.870 0.852 0.993 0.999 0.999 0.665 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.981 0.993 0.963 0.980 0.716 0.848 0.725 0.670 0.944 0.930 0.989 0.979 0.998 0.997 0.999 0.999 1.000 0.999 1.000 1.000

0.963 0.978 0.949 0.945 0.684 0.477 0.729 0.536 0.939 0.871 0.987 0.977 0.998 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.995 0.983 0.990 0.788 0.871 0.737 0.988 0.678 0.532 0.923 0.884 0.985 0.978 0.996 0.995 0.998 0.999 1.000 1.000 1.000 1.000 1.000

0.968 0.744 0.949 0.902 0.715 0.533 0.730 0.508 0.943 0.829 0.966 0.972 0.998 0.992 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.987 0.988 0.959 0.965 0.796 0.929 0.706 0.535 0.925 0.873 0.986 0.972 0.997 0.993 0.999 0.993 0.998 0.996 0.999 0.998 1.000

0.770 0.968 0.946 0.918 0.782 0.638 0.794 0.537 0.941 0.893 0.991 0.986 0.999 0.996 1.000 0.998 0.999 0.999 1.000 1.000 1.000 1.000

0.954 0.987 0.990 0.976 0.983 0.916 0.946 0.580 0.646 0.892 0.776 0.893 0.884 0.991 0.985 0.996 0.976 0.997 0.998 0.995 0.999 0.999

0.978 0.970 0.958 0.933 0.764 0.521 0.729 0.522 1.000 0.887 0.990 0.947 0.996 0.981 0.997 0.995 0.999 0.999 0.999 0.927 1.000 1.000 1.000

0.997 0.993 0.995 0.982 0.982 0.913 0.964 0.534 0.684 0.877 0.645 0.968 0.949 0.991 0.988 0.998 0.997 0.999 0.999 1.000 0.997 1.000 1.000 1.000

0.991 0.991 0.967 0.968 0.870 0.572 0.738 0.476 0.936 0.828 0.987 0.953 0.995 0.990 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.996 0.997 0.993 0.996 0.928 0.948 0.494 0.737 0.847 0.731 0.962 0.959 0.994 0.992 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000

1.000 0.992 0.993 0.985 0.984 0.901 0.882 0.674 0.494 0.925 0.792 0.980 0.963 0.997 0.993 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.999 0.997 0.999 0.993 0.996 0.936 0.944 0.490 0.720 0.793 0.667 0.962 0.931 0.993 0.986 0.999 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.744 0.993 0.986 0.985 0.899 0.733 0.663 0.434 0.897 0.700 0.975 0.952 0.996 0.990 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.998 0.998 0.992 0.991 0.868 0.972 0.675 0.843 0.668 0.515 0.928 0.825 0.982 0.961 0.928 0.991 0.999 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.718 0.571 0.985 0.979 0.846 0.731 0.537 0.785 0.777 0.566 0.943 0.811 0.987 0.949 0.997 0.988 0.999 0.997 1.000 1.000 1.000 1.000 1.000 0.999 1.000 1.000 1.000

0.999 0.994 0.997 0.985 0.999 0.969 0.987 0.865 0.918 0.606 0.675 0.896 0.719 0.976 0.936 0.994 0.981 0.979 0.996 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.995 0.991 0.972 0.947 0.835 0.798 0.553 0.548 0.782 0.503 0.946 0.768 0.987 0.944 0.997 0.990 0.999 0.998 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.990 0.999 0.977 0.991 0.803 0.932 0.523 0.782 0.863 0.567 0.964 0.863 0.991 0.965 0.998 0.988 0.999 0.998 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.961 0.890 0.837 0.587 0.658 0.802 0.532 0.955 0.762 0.990 0.948 0.998 0.985 0.999 0.997 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.993 1.000 0.983 0.994 0.832 0.940 0.522 0.840 0.817 0.501 0.950 0.793 0.969 0.947 0.996 0.981 0.999 0.997 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.979 0.932 0.891 0.640 0.703 0.795 0.434 0.951 0.798 0.964 0.943 0.997 0.985 0.999 0.990 1.000 0.986 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.996 1.000 0.992 0.996 0.835 0.947 0.561 0.860 0.774 0.601 0.927 0.709 0.978 0.919 0.995 0.984 0.999 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.965 0.949 0.713 0.801 0.749 0.508 0.938 0.733 0.986 0.934 0.996 0.981 0.998 0.994 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.987 0.996 0.789 0.967 0.574 0.894 0.694 0.696 0.883 0.601 0.964 0.864 0.995 0.987 0.998 0.997 1.000 0.999 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.945 0.595 0.827 0.740 0.583 0.915 0.660 0.975 0.857 0.989 0.940 0.998 0.986 0.999 0.997 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.995 0.803 0.976 0.627 0.898 0.615 0.810 0.811 0.513 0.968 0.922 0.989 0.977 0.997 0.993 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.981 0.626 0.859 0.596 0.668 0.886 0.538 0.954 0.802 0.992 0.960 0.996 0.988 0.999 0.997 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.996 0.866 0.977 0.754 0.933 0.517 0.815 0.873 0.714 0.960 0.902 0.990 0.972 0.998 0.994 1.000 0.999 1.000 1.000 1.000 NaN 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.984 0.732 0.894 0.522 0.765 0.799 0.526 0.965 0.879 0.988 0.965 0.997 0.991 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.996 0.897 0.985 0.819 0.944 0.617 0.658 0.856 0.631 0.960 0.876 0.991 0.965 0.998 0.991 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.989 0.793 0.939 0.546 0.817 0.855 0.631 0.954 0.860 0.989 0.961 0.997 0.989 0.999 0.997 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.998 0.897 0.985 0.711 0.885 0.579 0.730 0.820 0.528 0.949 0.834 0.987 0.952 0.997 0.985 0.999 0.996 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.995 0.819 0.944 0.580 0.720 0.818 0.564 0.943 0.821 0.986 0.947 0.996 0.987 0.999 0.996 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.997 0.639 0.887 0.965 0.731 0.917 0.512 0.803 0.770 0.547 0.928 0.757 0.981 0.920 0.995 0.978 0.999 0.994 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.509 0.781 0.787 0.524 0.930 0.749 0.978 0.912 0.995 0.978 0.999 0.995 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.971 0.988 0.885 0.971 0.702 0.912 0.601 0.774 0.836 0.511 0.941 0.737 0.978 1.000 0.994 0.970 0.997 0.990 0.999 0.997 1.000 0.999 1.000 0.995 1.000 1.000 1.000 1.000 1.000 0.999 1.000 0.999 1.000 1.000 1.000

0.999 0.948 0.517 0.851 0.793 0.636 0.917 0.656 0.978 0.853 0.993 0.955 0.998 0.986 0.999 0.996 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000

0.975 0.921 0.986 0.778 0.948 0.515 0.858 0.784 0.631 0.917 0.634 0.974 0.854 0.992 0.959 0.997 0.987 0.999 0.995 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.881 0.965 0.501 0.882 0.787 0.652 0.929 0.670 0.983 0.887 0.995 0.966 0.998 0.989 0.999 0.996 1.000 0.998 0.990 0.999 1.000 1.000 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.987 0.940 0.992 0.817 0.969 0.581 0.901 0.713 0.696 0.889 0.577 0.964 0.837 0.988 0.943 0.996 0.979 0.998 0.992 0.999 0.997 1.000 0.998 1.000 0.999 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.519 0.875 0.789 0.614 0.923 0.715 0.980 0.885 0.993 0.958 0.997 0.985 0.999 0.994 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.993 0.994 0.868 0.975 0.657 0.922 0.663 0.765 0.857 0.507 0.946 0.747 0.983 0.908 0.993 0.966 0.997 0.987 0.999 0.995 0.999 0.998 1.000 0.999 0.946 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.950 0.579 0.900 0.725 0.717 0.906 0.621 0.973 0.853 0.991 0.941 0.997 0.978 NaN 0.986 0.999 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.880 0.981 0.705 0.940 0.583 0.799 0.809 0.577 0.930 0.687 0.974 0.865 0.990 0.956 0.996 0.980 0.998 0.993 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.964 0.928 0.646 0.771 0.867 0.561 0.967 0.805 0.987 0.920 0.995 0.969 0.998 0.990 0.999 0.995 1.000 0.998 1.000 0.998 0.873 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.996 0.909 0.986 0.765 0.957 0.516 0.847 0.772 0.676 0.891 0.575 0.952 0.795 0.983 0.923 0.993 0.976 0.999 0.995 1.000 0.979 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.972 0.940 0.576 0.824 0.849 0.553 0.952 0.735 0.983 0.902 0.994 0.963 0.997 1.000 0.999 0.993 1.000 0.997 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.817 0.969 0.577 0.905 0.630 0.789 0.838 0.505 0.996 0.726 0.973 0.999 0.996 0.985 0.998 0.995 1.000 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.967 1.000 1.000 1.000 1.000 1.000

0.952 0.863 0.780 0.635 0.929 0.627 0.971 0.860 0.989 0.938 0.994 0.976 0.999 0.992 0.999 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 0.509 1.000 1.000 1.000 1.000 1.000

0.995 0.846 0.978 0.677 0.941 0.524 0.790 0.754 0.645 0.883 0.639 0.981 0.933 0.993 0.979 0.998 0.992 0.999 0.789 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.956 0.892 0.743 0.678 0.864 0.613 0.960 0.774 0.981 0.914 0.996 0.973 0.998 0.990 0.999 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 1.000 0.764 0.938 0.530 0.892 0.688 0.698 0.936 0.775 0.975 0.906 0.992 0.963 0.998 0.984 0.999 0.994 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.960 0.661 0.691 0.894 0.512 0.945 0.744 0.990 0.930 0.994 0.972 0.998 0.989 0.999 0.994 1.000 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.820 0.968 0.609 0.894 0.804 0.501 0.921 0.680 0.972 0.851 0.990 0.938 0.996 0.976 0.998 0.991 0.999 0.996 1.000 0.998 1.000 0.926 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.969 0.823 0.806 0.532 0.967 0.810 0.984 0.920 0.995 0.969 0.998 0.985 0.999 0.993 1.000 0.996 1.000 0.998 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.974 0.575 0.811 0.759 0.624 0.905 0.589 0.964 0.805 0.987 0.923 0.995 0.964 0.998 0.986 0.999 0.995 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.968 0.893 0.543 0.954 0.762 0.983 0.897 0.994 0.952 0.997 0.978 0.999 0.989 0.999 0.994 1.000 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.509 0.875 0.715 0.701 0.869 0.503 0.948 0.725 0.982 0.873 0.992 0.947 0.997 0.979 0.998 0.993 0.999 0.997 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.817 0.533 0.944 0.701 0.977 0.849 0.991 0.927 0.996 0.965 0.998 0.984 0.999 0.992 0.999 0.996 1.000 0.998 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.988 0.543 0.911 0.653 0.768 0.818 0.615 0.931 0.644 0.970 0.817 0.987 0.922 0.994 0.973 0.998 0.990 0.999 0.996 0.686 0.998 1.000 0.999 1.000 0.999 1.000 1.000 0.607 1.000 1.000 1.000 1.000 1.000

0.870 0.628 0.921 0.603 0.968 0.782 0.986 0.890 0.994 0.946 0.997 0.976 0.999 0.989 0.999 0.994 1.000 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.990 0.612 0.939 0.577 0.841 0.777 0.702 0.900 0.537 0.955 0.720 0.978 0.880 0.991 0.955 0.997 0.983 0.999 0.993 0.999 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.968 0.898 0.488 0.955 0.699 0.979 0.836 0.992 0.910 0.996 0.966 0.998 0.985 0.999 0.992 0.999 0.995 1.000 0.997 1.000 0.998 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.988 0.954 0.505 0.888 0.970 0.771 0.878 0.577 0.933 0.637 0.966 0.827 0.987 0.935 0.995 0.974 0.998 0.989 0.999 0.994 1.000 0.997 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.942 0.629 0.976 0.796 0.990 0.897 0.995 0.952 0.997 0.976 0.999 0.986 0.999 0.991 1.000 0.995 1.000 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000

0.987 0.685 0.820 0.854 0.651 0.936 0.534 0.971 0.749 0.989 0.912 0.995 0.953 0.998 0.980 0.999 0.992 0.999 0.996 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.834 0.821 0.994 0.916 0.996 0.958 0.998 0.978 0.999 0.987 0.999 0.993 1.000 0.996 1.000 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.984 0.923 0.549 0.968 0.808 0.987 0.894 0.994 0.954 0.997 0.981 0.998 0.991 0.999 0.995 0.999 0.997 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000 1.000 1.000

0.598 0.997 0.964 0.998 0.979 0.999 0.911 0.999 0.993 0.999 0.996 1.000 0.998 1.000 0.998 1.000 0.999 1.000 0.999 1.000 0.999 1.000 1.000

0.907 0.779 0.981 0.851 0.991 0.933 0.995 0.972 0.998 0.986 0.999 0.994 0.999 0.996 0.999 0.998 1.000 0.999 1.000 0.999 1.000 1.000

0.535 0.998 0.974 0.998 0.985 0.999 0.991 0.999 0.995 1.000 0.997 1.000 0.998 1.000 0.999 1.000 0.999 1.000 0.521

0.927 0.986 0.900 0.993 0.958 0.996 0.980 0.998 0.991 0.999 0.995 0.999 0.998 1.000 NaN 1.000 0.999

0.606 0.980 0.999 0.989 0.999 0.994 0.999 0.996 1.000 0.998 1.000 0.998 1.000 0.999

0.849 0.944 0.995 0.974 0.997 0.989 0.998 0.995 1.000 0.997 1.000 0.999

0.684 0.987 0.999 0.993 0.999 0.996 1.000 0.997 1.000 0.998

(b) E∗ = 20 MeV

Figure 4.2.: The prefered decay mode of a wide range of nuclei according to CODEZ, for
various excitation energies and J = 0. The dominant decay mode is in-
dicated as follows: blue=neutron, red=proton, green=gamma, cyan=alpha.
Nuclei that are beta-stable in their ground-state are marked with a white dot.
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0.592 0.647 0.874 0.967 0.991 0.997 0.999 0.998 1.000 1.000 1.000 1.000 1.000

0.771 0.452 0.568 0.847 0.953 0.989 0.996 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.938 0.719 0.457 0.668 0.906 0.977 0.996 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.981 0.944 0.838 0.597 0.613 0.799 0.962 0.987 0.997 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.996 0.986 0.958 0.862 0.607 0.615 0.915 0.880 0.992 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.994 0.994 0.966 0.877 0.824 0.627 0.822 0.911 0.983 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.995 0.988 0.971 0.872 0.724 0.581 0.850 0.897 0.976 0.995 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.995 0.996 0.962 0.913 0.764 0.451 0.797 0.884 0.976 0.994 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.997 0.990 0.973 0.926 0.781 0.490 0.754 0.905 0.982 0.990 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.995 0.990 0.981 0.930 0.810 0.526 0.726 0.818 0.977 0.971 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.998 0.994 0.989 0.965 0.859 0.578 0.723 0.931 0.967 0.986 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.998 0.996 0.994 0.986 0.955 0.863 0.540 0.706 0.904 0.956 0.980 0.994 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.999 0.996 0.993 0.960 0.907 0.613 0.635 0.914 0.890 0.966 0.996 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.999 0.997 0.999 0.990 0.965 0.899 0.624 0.754 0.884 0.913 0.980 0.986 0.997 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.998 0.992 0.984 0.897 0.704 0.585 0.865 0.936 0.976 0.991 0.993 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.998 1.000 0.995 0.974 0.906 0.733 0.581 0.772 0.940 0.979 0.991 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 0.998 0.996 0.992 0.935 0.787 0.530 0.763 0.895 0.961 0.987 0.993 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 1.000 0.999 1.000 0.991 0.983 0.901 0.645 0.505 0.677 0.884 0.963 0.979 0.996 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.999 0.997 0.995 0.978 0.961 0.727 0.562 0.670 0.894 0.918 0.984 0.984 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

1.000 0.999 0.997 0.993 0.967 0.925 0.825 0.638 0.686 0.715 0.935 0.956 0.985 0.995 0.997 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN

0.999 0.999 0.997 0.989 0.949 0.921 0.875 0.673 0.544 0.684 0.880 0.948 0.984 0.993 0.991 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN

0.999 0.998 0.997 0.985 0.974 0.940 0.815 0.762 0.556 0.610 0.853 0.932 0.987 0.991 0.993 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN

0.999 0.999 0.997 0.989 0.983 0.957 0.924 0.853 0.707 0.508 0.743 0.900 0.978 0.991 0.997 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN

0.992 0.986 0.964 0.929 0.835 0.674 0.546 0.761 0.863 0.961 0.984 0.995 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN NaN

0.997 0.994 0.982 0.953 0.926 0.763 0.614 0.712 0.864 0.951 0.986 0.994 0.997 0.998 0.998 1.000 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN NaN NaN NaN NaN

0.995 0.993 0.982 0.949 0.873 0.757 0.504 0.678 0.830 0.949 0.978 0.994 0.998 0.997 0.999 0.999 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN NaN NaN

0.998 0.997 0.990 0.968 0.945 0.821 0.603 0.616 0.836 0.938 0.972 0.991 0.996 0.998 0.999 0.994 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN

0.997 0.997 NaN 0.958 0.915 0.772 0.607 0.636 0.822 0.922 0.955 0.986 0.993 0.999 0.998 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN NaN NaN

0.998 0.995 0.997 0.942 0.869 0.713 0.559 0.755 0.907 0.964 0.981 0.991 0.998 0.996 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN

NaN 0.992 0.966 0.914 0.821 0.671 0.536 0.728 0.866 0.941 0.975 0.994 0.998 0.999 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN

0.997 0.975 0.943 0.871 0.812 0.513 0.635 0.837 0.902 0.956 0.977 0.998 0.999 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN

0.992 0.977 0.922 NaN 0.752 0.585 0.616 0.786 0.897 0.958 0.991 0.997 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN NaN

0.995 NaN 0.975 0.919 0.854 0.643 0.527 0.736 0.853 0.966 0.989 0.995 0.998 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN

0.992 0.984 0.963 0.923 0.832 0.686 0.515 0.736 0.925 0.973 0.983 0.996 0.997 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN

0.996 0.987 0.978 0.944 0.875 0.744 0.518 0.757 0.918 0.954 0.985 0.992 0.997 0.998 0.999 1.000 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN

NaN NaN 0.964 0.926 0.853 0.628 0.621 0.802 0.865 0.954 0.974 0.991 0.995 0.998 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN

NaN 0.976 0.970 0.902 0.774 0.761 0.597 0.709 0.862 0.922 0.977 0.987 0.995 0.997 0.998 0.999 0.999 0.998 1.000 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN 1.000 NaN NaN

0.992 0.997 0.985 0.939 0.887 0.712 0.489 0.680 0.798 0.922 0.956 0.984 0.988 0.996 0.997 0.999 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN NaN 1.000

NaN NaN 0.946 0.938 0.914 0.800 0.517 0.573 0.786 0.871 0.952 0.968 0.992 0.991 0.997 0.997 0.999 0.999 0.999 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN 1.000 NaN 1.000 NaN

0.993 NaN 0.974 0.948 0.918 0.798 0.613 0.524 0.686 0.848 0.855 0.967 0.968 0.992 0.994 0.998 0.999 0.997 0.999 0.999 0.999 1.000 NaN 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

0.950 0.963 0.940 0.862 0.629 0.568 0.617 0.768 0.887 0.946 0.975 0.987 0.991 0.998 0.995 0.999 0.998 0.999 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN

NaN 0.966 0.945 0.857 0.814 0.693 0.516 0.622 0.781 0.885 0.934 0.968 0.988 0.992 0.996 0.998 0.998 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN

0.956 0.958 0.922 0.887 0.777 0.693 NaN 0.637 0.829 0.867 0.952 0.968 0.989 0.990 0.996 0.995 0.998 0.997 0.998 0.999 0.999 0.999 0.998 1.000 0.996 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN

NaN NaN 0.931 NaN 0.803 0.671 0.518 0.682 0.804 0.895 0.935 0.974 0.983 0.992 0.995 0.997 0.998 0.999 0.999 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN NaN NaN NaN

NaN NaN 0.948 0.932 0.849 0.795 0.562 0.538 0.802 0.851 0.949 0.956 0.984 0.984 0.994 0.993 0.997 0.997 0.999 0.999 0.997 0.999 0.999 1.000 0.998 1.000 0.987 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN

NaN NaN NaN 0.901 0.882 0.741 0.642 0.553 0.707 0.844 0.916 0.959 0.976 0.986 0.993 0.995 0.997 0.998 0.999 0.999 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN

NaN NaN 0.943 NaN 0.816 0.701 0.483 0.678 0.789 0.896 0.930 0.969 0.977 0.991 0.991 0.997 0.994 0.998 0.997 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN

NaN NaN NaN NaN NaN NaN 0.501 0.599 0.792 0.871 0.924 0.955 0.978 0.988 0.993 0.995 0.997 0.998 0.998 0.999 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN

NaN NaN 0.967 NaN 0.889 0.747 0.626 0.586 0.708 0.856 0.897 0.957 0.963 0.986 0.984 0.994 0.994 0.996 0.997 0.998 0.998 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN

NaN NaN NaN NaN NaN NaN 0.529 NaN 0.821 0.901 0.942 0.971 0.981 0.986 0.994 0.994 0.997 0.997 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN NaN NaN

NaN NaN NaN 0.923 NaN 0.646 0.512 0.607 0.800 0.853 0.930 0.947 0.975 0.981 0.991 0.991 0.995 0.995 0.999 0.999 0.999 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN NaN NaN NaN

NaN NaN NaN NaN 0.861 NaN 0.548 0.647 0.709 0.836 0.902 0.944 0.970 0.980 0.989 0.991 0.996 0.999 0.999 0.999 1.000 1.000 1.000 NaN 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN NaN NaN NaN

NaN 0.982 NaN 0.947 0.871 0.785 NaN 0.502 0.702 0.805 0.899 0.929 0.963 0.965 0.984 0.987 0.999 0.993 0.999 0.999 0.999 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN

NaN NaN NaN NaN 0.670 NaN 0.605 0.775 0.873 0.918 0.954 0.966 0.987 0.996 0.998 0.998 0.999 0.999 0.999 NaN 1.000 NaN 1.000 1.000 0.999 NaN 1.000 NaN NaN NaN NaN NaN NaN NaN

NaN NaN NaN 0.845 0.713 0.594 0.587 0.714 0.830 0.880 0.929 0.958 0.991 0.994 0.997 0.997 0.998 0.998 0.998 0.999 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN NaN NaN NaN

NaN NaN NaN NaN 0.752 0.628 0.505 0.631 0.762 0.881 0.934 0.977 0.991 0.991 0.996 0.996 0.998 0.998 0.998 0.999 0.999 0.999 0.999 1.000 0.999 1.000 1.000 NaN NaN 1.000 NaN NaN NaN NaN

NaN 0.966 NaN 0.873 0.752 0.666 0.485 0.488 0.733 0.840 0.960 0.977 0.986 0.989 0.995 0.994 0.998 0.996 0.996 0.999 0.999 0.998 0.999 1.000 0.999 1.000 1.000 1.000 1.000 1.000 NaN 1.000 NaN NaN

NaN NaN 0.879 0.856 NaN 0.651 0.540 0.712 0.899 0.949 0.964 0.982 0.989 0.993 0.995 0.996 0.997 0.998 0.998 0.999 0.999 0.999 0.999 1.000 1.000 0.999 1.000 1.000 1.000 NaN NaN NaN NaN

0.973 0.930 NaN 0.779 0.793 0.612 0.504 0.827 0.906 0.940 0.964 0.981 0.982 0.994 0.989 0.995 0.991 0.997 0.996 0.998 0.998 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 NaN NaN NaN NaN

0.967 NaN NaN 0.749 0.676 0.616 0.785 0.874 0.926 0.955 0.972 NaN 0.989 0.992 0.993 0.996 0.996 0.998 0.998 0.999 0.999 0.999 0.999 1.000 1.000 0.999 1.000 NaN 1.000 NaN NaN NaN

NaN NaN 0.868 0.799 0.490 0.643 0.761 0.837 0.910 0.932 NaN 0.969 0.986 0.981 0.993 0.989 0.996 0.995 0.997 0.997 0.997 0.999 0.998 0.999 1.000 0.999 1.000 0.999 1.000 1.000 NaN NaN

NaN 0.910 0.700 0.553 NaN 0.718 NaN NaN 0.938 NaN 0.976 0.978 0.988 NaN 0.993 0.994 0.995 0.997 0.998 0.999 0.998 0.999 0.999 1.000 1.000 1.000 0.998 1.000 1.000 NaN NaN

0.955 NaN 0.676 0.617 0.477 0.630 0.714 NaN 0.889 NaN 0.951 0.977 0.969 0.988 0.983 0.993 0.989 0.996 0.995 0.997 0.998 0.999 0.998 0.999 0.999 0.999 1.000 0.999 1.000 1.000 1.000 NaN

0.860 0.758 0.674 0.531 NaN NaN NaN NaN 0.910 0.951 0.959 0.978 0.982 0.990 0.990 0.993 0.996 0.995 0.997 NaN 0.998 0.998 0.999 0.999 0.999 1.000 1.000 0.998 1.000 NaN NaN NaN NaN

NaN 0.800 NaN 0.556 0.496 0.543 0.758 0.790 NaN 0.913 NaN 0.957 0.979 0.974 0.987 0.986 0.993 0.992 0.996 0.996 0.997 0.997 0.999 0.998 0.999 0.999 0.998 0.999 0.999 1.000 NaN 1.000 NaN

0.909 0.840 0.785 NaN 0.527 NaN 0.675 0.803 0.837 0.908 0.929 0.962 0.969 NaN 0.988 0.988 0.991 NaN 0.996 0.996 0.997 0.997 0.998 0.998 0.999 1.000 0.998 1.000 0.999 0.999 1.000 NaN NaN

NaN 0.873 NaN 0.710 0.622 0.528 0.624 0.645 0.819 0.818 0.918 0.917 0.960 0.964 0.979 0.980 0.989 0.989 0.993 0.990 0.996 0.994 0.997 0.998 0.998 0.998 0.999 0.999 0.999 0.999 0.999 1.000 1.000

0.940 0.895 0.861 NaN 0.697 NaN 0.521 NaN 0.732 0.858 0.862 NaN 0.947 0.966 0.976 NaN 0.987 0.990 0.993 0.993 0.996 0.996 0.997 0.997 0.998 0.998 0.999 NaN 0.999 0.999 0.999 0.999 1.000

0.918 NaN 0.816 0.742 0.684 NaN 0.512 NaN 0.697 0.856 0.871 0.929 0.942 0.967 0.967 0.982 0.978 0.989 0.987 0.994 0.990 0.996 0.994 0.997 0.995 0.993 0.998 0.999 0.997 0.999 0.999 0.996 1.000

0.924 0.907 NaN 0.787 NaN NaN NaN 0.571 NaN NaN NaN NaN 0.946 0.957 0.972 0.978 0.982 0.987 0.991 0.990 0.993 0.995 0.996 0.997 0.997 0.998 0.998 0.998 0.999 0.999 0.999 0.999 NaN 1.000

0.790 0.778 0.584 0.575 0.577 0.543 0.785 0.754 0.892 0.889 0.951 0.936 0.975 0.960 0.985 0.976 0.990 0.983 0.993 0.990 0.996 0.994 0.997 0.997 0.991 0.999 0.997 0.998 1.000 0.999 0.999 1.000

0.862 NaN NaN NaN 0.515 NaN 0.627 NaN 0.820 0.924 0.906 0.962 0.951 0.977 0.974 0.986 0.985 0.991 0.991 0.993 0.995 0.995 0.997 0.997 0.998 0.998 0.999 0.997 1.000 0.999 0.998 1.000 1.000 1.000 NaN

0.463 0.490 0.702 0.603 0.836 0.779 0.923 0.888 0.957 0.933 0.976 0.962 0.984 0.977 0.989 0.987 0.993 0.993 0.995 0.995 0.997 0.997 0.997 0.999 0.999 1.000 0.995 0.999 1.000 1.000

0.491 NaN 0.672 0.821 0.827 0.923 0.918 0.956 0.959 0.971 0.978 0.983 0.986 0.989 0.993 0.993 0.995 0.996 0.997 0.997 0.998 0.998 0.999 1.000 0.999 1.000 1.000

0.651 NaN 0.845 0.920 0.891 0.955 0.941 0.973 0.967 0.983 0.980 0.990 0.989 0.994 0.994 0.996 0.996 0.997 0.998 0.999 0.999 0.999 0.999

NaN NaN 0.907 0.880 0.935 0.941 0.964 0.969 0.977 0.980 0.985 0.989 0.991 0.994 0.994 0.997 0.996 0.998 0.999 0.999 0.999 1.000

0.797 0.887 0.869 0.937 0.933 0.962 0.956 0.976 0.977 0.986 0.987 0.992 0.992 0.994 0.996 0.998 0.999 0.999 1.000

NaN NaN NaN 0.958 NaN 0.977 0.975 0.979 NaN 0.990 0.993 0.992 0.996 0.998 0.998 0.999 0.999

NaN 0.916 0.951 0.950 NaN 0.978 0.981 0.983 0.988 0.992 0.997 0.999 0.999 0.999

0.941 NaN NaN NaN 0.980 0.984 0.983 0.993 0.998 0.998 0.999 0.999

NaN NaN NaN 0.976 NaN 0.997 0.997 0.998 NaN 0.999

Figure 4.3.: The prefered decay mode of various nuclei according to TALYS, for the ex-
citation energy E∗ = 20 MeV. The dominant decay mode is indicated as fol-
lows: blue=neutron, red=proton, green=gamma, cyan=alpha. Nuclei that
are beta-stable in their ground-state are marked with a white dot. Nuclei
which had no suitable level near E∗ = 20 MeV are displayed in white.

Nucleus Sp Sn Sα (MeV)
28F 19.0 -0.228 16.7
28Ne 21.0 3.90 10.3
28Na 15.3 3.54 11.0
28Mg 16.8 8.50 11.5
28Al 9.55 7.72 10.9
28Si 11.6 17.2 9.98
28P 2.06 14.5 9.53
28S 2.50 21.5 9.10

Table 4.1.: The separation energies of nuclei on the A = 28 isobar, for proton, neutron
and alpha-particle emission.
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4.1. Prefered Decay Channels
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Figure 4.4.: The branching ratios for various decay modes at various energies for nuclei
in the A = 28, according to CODEZ. The spin is J = 0 in all cases. The
energies have been chosen to display changes in the spectrum. The colors
signify the different decay modes: blue=neutron, red=proton, green=gamma.
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Figure 4.5.: The branching ratios for various decay modes at various energies for nuclei
in the A = 28, according to CODEZ. The spin is J = 0 in all cases. The
energies have been chosen to display changes in the spectrum. The colors
signify the different decay modes: blue=neutron, red=proton, green=gamma,
yellow=triton, black=deuteron
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4.1. Prefered Decay Channels
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Figure 4.6.: The branching ratios for various decay modes at various energies for nuclei
in the A = 28, according to CODEZ. The spin is J = 0 in all cases. The
energies have been chosen to display changes in the spectrum. The colors
signify the different decay modes: blue=neutron, red=proton, green=gamma,
black=deuteron
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Figure 4.7.: The branching ratios for various decay modes at E∗ ≈ 20 MeV for nuclei
in the A = 28 isobar, according to TALYS. The colors signify the different
decay modes: blue=neutron, red=proton, green=gamma, black=deuteron.
The spin has been determined by TALYS, which populates discrete levels close
to 20 MeV. Plotted is the decay modes from the highest such level.
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4. Results

To investigate how the individual decay modes vary with energy, we finally take a
look at the full, energy dependent emission spectrum of a single nucleus. To see how
the α-decay mode manages to compete with proton and neutron evaporation, we have
plotted the likelihood of 28Mg emitting protons, alphas and neutrons, for various l;
see Figure 4.8 and Figure 4.9. As we see in these figures, which shows the energy cost
off emitting the particles3, E∗i − E∗f , each particle has a most likely excitation energy
to be emitted at. This is due to the fact that highly excited particles “saturate” their
transmission coefficients, one l at a time, but because the lowest energy to tunnel through
the centrifugal barrier (in our model) goes like l(l + 1), the particles are only able to
saturate a relatively low number of Tl’s until they carry away so much energy that ρ(E∗f )
becomes negligable in comparison to its value at higher E∗f . Alpha particles, which have
a lower centrifugal barrier, are able to saturate five l-values, while protons and neutrons
only saturate two, which is reasonably given that 4(4 + 1)/(2(2 + 1)) = 10

3 ≈ 4, which
is the ratio relating the nucleon and alpha centrifugal barrier. We also see that each l
for neutron and proton emission has two curves, related to the fact that there are two
ways to couple the spin of the nucleons (the initial state has J = 0). The alpha particle,
being a spin zero particle, only has one curve for each l.
In short: a particle carrying away a lot of energy will easily tunnel, but the level

density of the final state is much, much higher if the particle carries away just a small
amount of energy, and thus high energy emission is effectively supressed, and we get
a peak in the emission probabilities for the respective particles. Once our excitation
energy is above these peaks, they may be emitted by the most likely way, and hence
that probability gets saturated. That being said, the branching ratios can of course
benefit from less likely ways to emit, and excitation energies beyond the peak makes the
tail of the distribution available for the decays, but we do not expect to see dramatic
swings like in the alpha spectrum for 28Mg between 14 MeV and 15 MeV in Figure 4.5,
which coincides rather nicely with the peak in Figure 4.9.

4.2. Gamma Multiplicities

As an interesting application of the code, we have investigated how γ-rays are produced
in a quasi-elastic (p,2p)-event between 17N and a proton target propagate through parts
of the S393 experimental setup in Cave C at GSI. The 17N nucleus had a kinetic energy
of 419 MeVA = 7123 MeV.
In order to compare CODEZ with the experimental data, its output was propagated

through the experimental setup described in Table 4.2 by the Monte-Carlo GEANT4
– used through GGLAND. Furthermore, in order to account for the fact that photons
Compton-scatter in the Crystal ball detector, energy deposits in nearby crystals are

3We plot E∗i −E∗f rather than the kinetic energy of the emitted particle, E∗i −E∗f −S, in order to shift
the graphs so that the probabilities become non-zero at ∆E = S, which makes it easier relate the
likelihoods of emission to the excitation energy of the mother nucleus. Note however that the relative
emission probabilities are unrelated to the excitation energy of the initial state provided that it has
enough energy to emit the most likely particle: the ρ(E∗i ,Ji) cancel each other.
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4.2. Gamma Multiplicities

Figure 4.8.: The simulated probability that 28Mg decays by proton emission (4.9a) and
neutron emission (4.9b), respectively.
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4. Results

Figure 4.9.: The simulated probability that 28Mg decays by alpha emission.
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4.2. Gamma Multiplicities

Table 4.2.: The simulated experimental setup, with detectors, the positions of their cen-
ter, and the string used to place them in GGLAND. The axes are oriented so
as to produce a right-handed coordinate-system with z in the beam direction,
and y pointing upwards. Rotations refer to rotations around these axes with
respect to the origin. The Crystal Ball covers the area around the reaction,
which is located at the origin in between the thin silicone strip detectors (SST
3–6).

Detector name Position GGLAND-string
SST-1 z = 11 cm –sst-1=z0=11cm
SST-2 z = 14 cm –sst-2=z0=14cm
SST-3 y = 2.05 cm –sst-3=z0=2.05cm,roty=90deg
SST-4 y = −2.05 cm –sst-4=z0=-2.05cm,roty=90deg
SST-5 x = 2.05 cm –sst-5=z0=2.05cm,roty=90deg,rotz=90deg
SST-6 x = −2.05 cm –sst-6=z0=-2.05cm,roty=90deg,rotz=90deg
Crystal Ball At the origin –xb=z0=0cm

summed up according to an addback routine.
An addback routine is a heuristic method intended to compensate for the fact that

γ-rays do not necessarily deposit all of their energy in one crystal. There are several
ways to address this4, but since we are interested in comparing our simulations with
experimental data, we will use this algorithm:

• Remove energy depositions over 10 MeV (they are too large to likely be photons)

• Take the highest of the remaining energy depositions.

• Add to this energy the energy deposited in neighbouring crystals at most 30 ns
before or after the primary deposit, and remove these deposits afterwards. The
resulting energy is taken as the total energy the γ-ray deposited in the Crystal
Ball.

• Repeat until all energy deposits are exhausted.

In addition, it was required that the energy deposited be greater than 0.1 MeV: the real
detector will have some threshold energy, and a lot of low energy electrons are produced
in the simulations, so it is both practical and realistic to impose such a limit. The value
used is somewhat arbitrary, but is low in relation to typical energy deposits.
This algorith was applied to the output of several GEANT4 simulations for different

initial excitation energies. The resulting Eγ energies, togehther with the actual gamma
energies, are plotted in Figure 4.10. We note that the identified gamma spectrum does
not change notably with the excitation energy in this range, while the actual gamma
spectrum contains a larger number of outliers for higher excitation energies.

4see for example Simon Lindberg’s Master’s thesis [2] for an evaluation of a few different methods.
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4. Results
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Figure 4.10.: The gamma-multiplicities from simulations with 17N at a kinetic energy
T = 7123 MeV undergoing a quasi-elastic (p,2p) reaction with a proton at
rest in the origin. The simulations were performed for prefragment excita-
tion energies E∗ in the interval [10,20] MeV with a 0.5 MeV spacing. The
y-axis shows the gamma energy deposits – event by event – as determined
by the addback routine and the actual gamma energy, respectively.

That being said, what is emitted by the excited nucleus and what reaches the detectors
are two different things. Neither of the figures in Figure 4.10 necessarilly tell us how
much energy γ-rays actually have deposited in the Crystal Ball.
Finally, as a test of the addback routines ability to reconstruct the number of γ-rays

emitted in an event, we have in Figure 4.11 the number of times γ-rays were identified,
and the number of times they were actually generated in the reaction. Again, we see that
what is identified has little to do with what is emitted in the actual simulated reaction.
That being said, it is not obvious that the number of photons CODEZ emits is entirely

realistic, since the discreteness of the level density should be apparent at the energies
where γ-rays are preferentially emitted. There were also a high number of low energy
deposits attributed to electrons in the simulation. These so-called δ electrons are sec-
ondary radiation produced as a result of charged particles ionizing the medium they
pass through, and they could largely be filtered by imposing another, higher, threshold
energy.
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4.2. Gamma Multiplicities
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Figure 4.11.: The gamma-multiplicities from simulations with 17N at a kinetic energy
T = 7123 MeV undergoing a quasi-elastic (p,2p) reaction with a proton at
rest in the origin. The simulations were performed for prefragment excita-
tion energies E∗ in the interval [10,20] MeV with a 0.5 MeV spacing.
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5. Outlook and Conclusions

As of today, 2015-06-02, the CODEZ code is complete in the sense that it has models
for all the quantities needed in a statistical decay code. However, there is a reason that
the original, CODEX code had something close to seven models for everything: the code
would be more accurate if it was used together with models suited for specific nuclei.
At this point, it should be fairly straightforward to implement new models. The object

oriented structure of the code means that the user just has to inherit the appropriate
model object, and override the model they wish to change. To allow for the multiple
models to coexist without forcing the user to recompile, it may be suitable to implement
a factory method to declare which model class to use, and a corresponding new command-
line option to control this factor method.
Since most of the functions accept a Nucleus object as input, the interface should have

no problems to accomodate more general input parameters. For example: nuclei with a
given deformation could be implemented by inheriting the nucleus class, and the same
interface could be used for all these classes. There are some potential design problems
with different models for deformation dependent parameters, since this places a burden
on the models to implement functions for all kinds of deformation; the program may need
to signal to the user when it cannot handle their nucleus subclass, so that it does not just
run the undeformed case without the users knowledge. To some extent, it may be possible
to place some of these burdens on the person implementing the nucleus subclasses,
by forcing them to write functions to convert their deformation parametrization to a
standardized one, but that may not be straightforward, especially if nuclei at the saddle-
point for fission were to be implemented, with their rather distinct x-parameter shapes.
The current setup, with the simulation steps split into separate programs, should

be very easy to run in parallel with something like GNU PARALLEL, but passing large
amounts of data through a pipe may not be optimal from a performance point of view.
At one point, it seemed as if performance would not be an issue, which motivated the
decision to split up the program, but it may be worth to consider rewriting it with
higher performance in mind. Although this structure has the advantage of having a
standardized flow control (all sub-programs parse command-line options in much the
same way), the long command lines required to run a specific tasks means that the user
will want to keep it in a script, and it that point, they might as well have created an
input file.
In short, there are a lot of things that could be done for the code. Whether the code
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will actually do something for its users remains to be seen, and the curious reader is
adviced to read the relevant appendix on how to get started!
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A. Retrieving and running the
CODEZ code

The code is available on Github. It may be retrieved by running

g i t c l one https : // github . com/ d a r i n g l i /Codez . g i t

A convenient way to compile the programs is to run make. To compile a program
mentioned in chapter 3, run

make <program name>

In addition, make all will compile and link all the programs, and make clean will
remove all the .o files.
In order to actually succeed in compiling the programs, a few dependencies need to

be satisfied. All the programs rely on Boost program options 1 to parse command-line
flags, and many rely on Boost random2 to generate random numbers. The function in
deexcite.cc also rely on Boost special functions3.

BOOST is a highly regarded C++ library project, which aim to provide general and
useful functions to complement the C++ Standard Library. Many modern Linux dis-
tributions provide these files through their packet manager systems, and they may also
be downloaded from http://sourceforge.net/projects/boost/files/boost/1.57.
0/ or accessed at /n/home/bstefan/m/boost_1_57_0/ on the Chalmers subatomic com-
puters. The program options library needs to be built and linked to, while the other
libraries just need the appropriate includes. The CXXFLAGS and in the makefile should
be changed to include these paths, unless the library is installed in a directory already
present in the path variable.
Also required by all the “2root” programs is the ROOT library4. The location of this

library should be set in the ROOT_libs variable in the makefile. Specifically, ROOT 5.34/10
was used in this work.

1Boost program options (Release 1.57): http://www.boost.org/doc/libs/1_57_0/doc/html/
program_options.html, retrieved 2015-06-11

2Boost random (Release 1.57): http://www.boost.org/doc/libs/1_57_0/doc/html/boost_random.
html, retrieved 2015-06-11

3Boost special (Release 1.57) http://www.boost.org/doc/libs/1_57_0/libs/math/doc/html/
special.html, retrieved 2015-06-11.

4ROOT: https://root.cern.ch/drupal/, retrieved 2015-06-11.
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A. Retrieving and running the CODEZ code

Boost random is used to generate random numbers with the Mersenne Twister al-
gorithm MT19937-64, a functionality which can also be found in the C++11 standard
library. Boost random was used to make the code compatible with older compilers, and
that dependency could in principle be dropped at the cost of making the code incom-
patible with older C++ standards.
The code was compiled with GCC 4.7.2, although it should be standard compliant and

thus work with other compilers.
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