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Abstract

Structure of Excited States Seen in Double Beta Decay
Investigated with the 148Nd(3He, nγ)150Sm and

98Mo(3He, nγ)100Ru Two proton Stripping Reactions.
P. Vymers

Department of Physics
University of Stellenbosch

Private Bag X1, Matieland 7602, South Africa

Dissertation: PhD (Physics)
December 2019

The two proton transfer reaction (3He, nγ) has been measured on two targets
98Mo and 148Nd. High resolution data were taken using the neutron time of
flight method and a wall of six NE102A plastic scintillator trigger detectors.
These were operated in coincidence with the AFRODITE HPGe detector array
to detect the γ-rays that originates from 100Ru and 150Sm. Thus made it possi-
ble to investigate the validity of the BCS proton pair stripping approximations.
That is assumed in the nuclear matrix element calculations of the QRPA based
models, for decays to the ground states of the candidate 0νββ nuclei. A strong
proton pair stripping L = 0 transition to the I π = 0+2 spin state of 100Ru has
been observed, while non were found for the case of 150Sm due to technical
problems. This indicate a breakdown of the BCS proton pairing description
in the ground state of 100Ru. In addition the low-lying spin members (I π =
2+1 , 4+1 , 6+1 and 8+1 ) of the yrast bands of both nuclei are clearly visible. Their
population are attributed to the single neutron fusion evaporation channels.
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Uittreksel

Titel van proefskrif in Afrikaans
P. Vymers

Fisika Departement
Universiteit van Stellenbosch

Privaatsak X1, Matieland 7602, Suid-Afrika

Proefskrif: PhD (Fisika)
Desember 2019

Die twee proton direkte oordrag reaksie (3He, nγ) was uitgevoer op die 98Mo
soveel as op die 148Nd teiken kerne. Hoe resolusie γ-stralings meetings was
waargeneem met die AFRODITE spektrometer in kominasie met die NE102A
plastiek sintillator detektore. Waar die laas genoemde detektore gebruik was
om die neutrone op te neem deur middel van die vlieg tyd metode. Hierdie
metode het dit moontlike gemaak om die geldigeheid van die BCS proton
paar oordrag benadering, wat in die QRPA modelle vir die grond toestand
oorgegange wat vir die 0νββ kandidaat kerne van 100Ru en 150Sm aanvaar
word te ondersoek. n Sterk proton paar L = 0 oordrag na die opgewekte
Iπ = 0+2 vlak van 100Ru was wargeneem, maar geen soortgelyke oorgang was
gewas waargeneem vir die 150Sm kern, as gevolge van tegniese redes. Die 100Ru
waarneeming stel voor n afbreek van die BCS proton paar oordrag aanname.
Verder die opgewekte toestande (I π = 2+1 , 4+1 , 6+1 en 8+1 ) van beide kerne was
duidelike waargeneem tydens die meetings, dit word toegeskrywe aan kern
saammesmelting.
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Chapter 1

Double Beta Decay

1.1 Motivation

Normal double β-decay happens when a nucleus (A,Z ) with proton number Z
and mass number A converts a neutron pair into a proton pair (A, Z+2 ) and
two electrons (2e−) and two electron anti-neutrinos (2ν̄e) are emitted. Thereby
the daughter nucleus can reach a more stable energy configuration. This decay
process is described in equation 1.1 and illustrated in Fig.1.1.

(A,Z) → (A,Z + 2) + 2e− + 2ν̄e (1.1)

Figure 1.1: A schematic double β-decay energy scheme; where the decay goes from
the ground state of the mother nucleus (A, Z ) directly to the ground state of the grand-
daughter nucleus (A, Z+2 ). Decay to the intermediate nucleus (A, Z+1 ) is energetically

forbidden.

It takes place between two even-even isobars when the decay to an intermediate
nucleus is energetically forbidden due to the pairing interaction. This type of decay
conserves the lepton number and was first postulated by Goeppert-Mayer in 1935

2
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Double Beta Decay Motivation 3

[1, 2]. It was only discovered in the laboratory in 1987 in 82Sr [1, 3] by detecting
the two emitted electrons. Their kinetic energy sum did not exactly match the
reaction Q-value end point see Fig 1.2. Therefore it was deduced that the missing
energy was carried away by the emitted antineutrinos. Furthermore it is a second
order nuclear weak process, which accounts for the rarity of this radioactive decay
mode. Currently it has been observed in the eleven isotopes listed in Table 1.1.
[4]. The decay is more likely to occur in nuclei that have large reaction Q-values
with decay half-lifes t2ν1/2 that range from 1018 to 1021 years and are described by
equation 1.2:

Figure 1.2: The kinetic energy summed spectrum for the two electrons that are
emitted from this 2νββ-decay process and the expected two electron kinetic energy

summed spectrum for the 0νββ-decay mechanism are shown [5].

(t2ν1/2)
−1 = G2ν(Q,Z)|M 2ν |2. (1.2)

Where G2ν(Q,Z) is the phase space factor term that contains the charge and
reaction Q-values. The nuclear matrix element term M 2ν holds all the essential
physics. The latter term cannot be measured but can only be deduced by measur-
ing (t2ν1/2). Many different approaches are followed in order to calculate its value for
a specific decay. Ranging from the interacting boson model (IBM) [6], the large
scale shell models (LSSM) [7], to the quasiparticle random phase approximation
(QRPA) [8, 9] amongst others. The latter model assumes that both the ground
state of the mother nucleus and daughter nucleus have a collective origin.

(Z,A) → (Z + 2, A) + 2e− (1.3)

Apart from the 2νββ-decay, there is also 0νββ-decay (equation 1.3), a hypoth-
esized process currently under scrutinty that has never been observed in which
only electrons would be emitted. In 1937, Ettore Majorana [1, 10] demonstrated
that all results of β-decay theory remain unchanged if the neutrino were its own
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Double Beta Decay Motivation 4

Table 1.1: The listed 2ν 2β-decay nuclei with their corresponding reaction Q-values,
Iπ = 0+2 spin states excitation energies and γ-ray transitions from the Iπ = 0+2 spin
states [4]. Double β-decay to the Iπ = 0+2 spin state have been found only for the 150Nd

to 150Sm and for the 100Mo to 100Ru decays.

Nucleus Q-value Iπ = 0+2 γ-ray lines
[keV] [keV] [keV]

48Ca → 48Ti 4271 2997.22 2013.66, 983.53
76Ge → 76Se 2040 1122.28 563.18, 559.10
82Ge → 82Kr 2995 1487.60 711.2, 776.52
96Zr → 96Mo 3350 1148.13 369.80, 778.22

100Mo → 100Ru 3034 1130.2 590.79, 539.51
110Pd → 110Cd 2013 1473.07 815.31, 657.76
116Cd → 116Sn 2802 1756.86 463.25, 1293.56
124Sn → 124Te 2228 1657.28 1051.55, 602.73
130Te → 130Xe 2533 1793.52 1257.5,

671.9, 586.05, 536.07
136Xe → 136Ba 2479 1578.99 760.49, 818.51
150Nd → 150Sm 3367 740.46 406.51, 334.96

anti-particle (requiring the neutrino to have mass), now known as a Majorana par-
ticle. In 1939, Wendell H. Furry [1, 11] proposed that if neutrinos are Majorana
particles, then double β-decay can proceed without the emission of any neutrinos.
Through the neutrino annihilating with its antineutrino partner resulting in neu-
trinoless double β-decay. This emplies that the expected electron spectrum must
be a delta function at maximum Q-value, again see Fig 1.2. It is not yet known
whether the neutrino is a Majorana particle and, relatedly, whether neutrinoless
double β-decay exists in nature. It must be noted that this decay process violates
lepton number conservation as set out in the standard model and the rate of decay
is described by equation 1.4:

(t0ν1/2)
−1 = G0ν(Q,Z)|M 0ν |2< mββ >2. (1.4)

where mββ is the effective Majorana mass of the electron neutrino, given by

< mββ >2 = |
3�

i=1

|Uei|2eiαi mi|2. (1.5)

where mi are the masses of the neutrino flavors, αi are the Majorana phases
(flavors) and Uei is the unitary neutrino mixing matrix. It relates the flavors and
mass eigenbasis and is parameterised as:

να =
3�

i

U∗
αiνi. (1.6)
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Double Beta Decay Motivation 5

νi =
3�

i

Uαiνα. (1.7)

where

• νi is a neutrino with mass mi = 1,2,3.

• να is a neutrino with flavor α = τ , µ, electron.

Recently it was found that 100Mo [12] undergoes 2νββ-decay to excited spin state of
100Ru in particular to the Iπ = 0+2 spin state that is located at 1130 keV excitation
energy (see Fig 1.3). Similairly 150Nd [13] was also found to undergoes 2νββ-decay
to the Iπ = 0+2 spin state of 150Sm that is located at 740 keV excitation energy
in the decay scheme (see Fig 1.4). Thereafter both nuclei undergo γ-ray decay
to their respective ground states. These two isotopes are currently the only two
nuclei where 2νββ-decay to the Iπ = 0+2 spin states is observed. A half-life of t2ν1/2
= [5.9+1.7

−1.1 ± 0.6] × 1020 yr for the decay of 100Mo to 100Ru and a half-live of t2ν1/2
= (1.33+0.63

−0.36) × 1020 yr for the decay of 150Nd to 150Sm were extracted.

Again the QRPA based models assumes that the ground states of the mother
(100Mo and 150Nd) and daughter (100Ru and 150Sm) nuclei are collective and can
be approximated by the BCS pairing description. However it is not known if this
approximation is still valid after the detection of a Iπ = 0+2 spin state. The best
available tools to answer this question are the two nucleon transfer reactions in
particular the (3He, n) two-proton stripping reaction. The observation of large
proton pair strengths to the ground states wills validates the BCS pairing hypoth-
esis. However appreciable strengths to the Iπ = 0+2 spin states is an indication of a
collapse of the BCS theory and thus will require a review of the nuclear structure
assumptions contained in the nuclear matrix element formula of the QRPA based
formalisms.

Thus it is important to have a good understanding of the proton pair component of
the Iπ = 0+2 spin states wave functions of 100Ru and 150Sm. Since these two nuclei
are candidates for the possible detection of the 0νββ-decay mode, if observe the
latter spin states, wave functions information will be needed to extract the nuclear
matrix elements values and indirectly the neutrino mass.
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Double Beta Decay Motivation 6

Figure 1.3: The 100Mo 2νββ-decay scheme to excited states in 100Ru. Decay to 100Tc
is energetically forbidden [12].

Figure 1.4: The 150Nd 2νββ-decay scheme to excited states in 150Sm. Decay to 150Pm
is energetically forbidden [13].
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Chapter 2

Collective Iπ = 0+2 spin states

2.1 Collective Excitations

The aim of this chapter is to show how collective nuclear shape oscillations can
result in low-lying Iπ = 0+2 spin states. The nuclear shape deformations will first
be discussed followed by the collective excitational modes.

R(θ,φ) = R0[1 +
�

λ

�

µ

αλµYλµ(θ,φ)] (2.1)

Figure 2.1: Collective nuclear shape oscillations [14].

The nucleus can be viewed as an incompressible spherical liquid drop with radius
R0 given in equation 2.1. Any shape distortion R(θ,φ) (see Fig.2.1) away from
sphericity can be described by expressing R0 as multiple expansions in spherical
harmonics Yλµ(θ,φ). Here the parameter αλµ denotes the distortions from an
equilibrium spherical shape, λ is the multipolarity (angular momentum: l) of the
surface with µ the angular momentum z projection also known as m. The quantity
µ takes (2λ + 1) integer values between - λ to λ. The λ = 0 term indicates
monopole vibrations which corresponds to compressions and decompressions of
the nuclear surface. This type of oscillation occur at high excitation energy at

7
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Chapter 2 Collective Iπ = 0+2 spin states 8

roughly E0 ∼ 80A−1/3MeV above the ground state in even-even nuclei, due to
the incompressibility of the nuclear fluid. The λ = 1 term is not considered as it
corresponds to a translation of the centre of mass. The most important collective
low energy excitations of the nucleus are the λ = 2 (quadrupole), the λ = 3
(octupole) and the λ = 4 (hexadecapole) modes which are all illustrated in Fig
2.1, higher modes are unimportant.

R(α2, θ,φ) = R0[1 +
�

µ

[α2µY2µ(θ,φ)]. (2.2)

This analysis is restricted to the description of quadrupole shapes which will be dis-
cussed. Equation 2.2 describes the radius of a quadrupole deformed nucleus in the
body fixed frame. The quadrupole body fixed distortion (α22,α14,α20,α2−1,α2−2)
can be related to those in the laboratory reference frame by relation 2.3 (see eq
2.15 for definitions)

α2µ =
�

ν

D∗
µν(θI)a

∗
2ν (2.3)

If the principal axes of the laboratory coincide with the nuclear body fixed frame,
then α22 = α2−2 and α21 = α2−1 = 0. The three Euler angles Ψ,ϑ and ϕ together
with the coefficients α20 and α22 and the polar coordinates (β2, γ) completely
describe the system. In terms of the polar coordinates α20 and α22 are equal to

α20 = β2cos(γ)

α22 = −1/
√
2β2sin(γ) (2.4)

where the parameter β2 indicates the total deformation along the symmetry axis
and is given by:

β2
2 =

�

µ

|α2µ|2. (2.5)

The coefficient γ indicates the lengths along the principal axes. For γ = 00 the
shape is prolate and for γ = 600 the shape is oblate.

2.1.1 Spherical Vibrational Modes

Simple spherical harmonic quadrupole (λ = 2) surface vibrations will be discussed
to show that Iπ = 0+2 spin states can result from such oscillations. In Fig 2.2 the
excitation energy spectra of a spheroidal nucleus is shown in the left illustration.
Starting from the classical Lagrange and Hamiltonian functions for a vibrating
surface

Lcoll(αλ,µ, α̇λ,µ) =
1

2

�

λ,µ

(Bλ|α̇λ,µ|2 − Cλ|αλ,µ|2). (2.6)

where the parameters Bλ are the inertia coefficients or collective masses and Cλ

are the stiffness coefficients for the collective potential. The classical Hamiltonian

Stellenbosch University https://scholar.sun.ac.za



Chapter 2 Collective Iπ = 0+2 spin states 9

can also be written in terms of the conjugate momenta term πλ,µ.

Hcoll(πλ,µ,αλ,µ) =
�

λ,µ

(
|πλ,µ|2
2Bλ

− Cλ

2
|αλ,µ|2). (2.7)

Upon quantization of equation 2.7 the harmonic multipole vibrator Hamiltonian
is now written as:

Hcoll =
∞�

λ=0

+λ�

µ=−λ

�ωλ(β̂
+
λ,µβ̂λ,µ +

1

2
). (2.8)

where ωλ =
�

Cλ

Bλ
is the oscillation frequency term and β̂+

λ,µ is the oscillation

quantum phonon creation operator, while β̂λ,µ is the phonon annihilation operator.
The term β̂+

λ,µ β̂λ,µ counts the number of phonons. The lowest lying state is the
phonon vacuum and is written as:

|N = 0,λ = 0, µ = 0 (2.9)

Its energy is the zero point energy:

H0 =
5

2
�ω20. (2.10)

• The first excited state is the multiplet one phonon state which has two units
of angular momenta, it donates a Y2µ(θ,φ) spherical harmonic dependence
to the nuclear wave function similar as a Y2m(θ,φ) spherical harmonic with
l = 2.

|N = 1, l = 2,m = β̂l,m0. (2.11)

• The 2nd set of excited states are the quadrupole two phonon (l + l) states
with excitation energy 2�ω2 and m = m1 + m2 now have five possible com-
ponents link to each phonon which represent ellipsoidal shapes and thus 25
possible combinations of lm are formed for the two vibrational quanta see
Table 2.1.

|N = 2, lm = β̂l,lm0. (2.12)
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Chapter 2 Collective Iπ = 0+2 spin states 10

Table 2.1: The combinations of m of the two quadrupole phonons forming a resultant
total m component.

m1

m2 -2 -1 0 1 2
-2 -4 -3 -2 -1 0
-1 -3 -2 -1 0 +1
0 -2 -1 0 +1 +2
1 -1 0 +1 +2 +3
2 0 +1 +2 +3 +4

However by taking symmetric combinations (e.g. for m = +2: (m1, m2) = (+2,
0), (+1,+1) and (0,+2)) of the vibrational quanta’s wave functions the 25 possible
combinations of lm now reduces to 15 allowed combinations see Table 2.2.

Table 2.2: Final symmetric combinations of the two quadrupole phonons wave func-
tions.

l = 4 m = +4 +3 +2 +1 0 -1 -2 -3 -4
l = 2 m = +2 +1 0 -1 -2
l = 0 m = 0

Thus a triplet of states having spins I+ = 0+2 , 2+2 and 4+1 at two times the first I+
= 2+1 state’s energy is expected and is indeed observed in vibrational nuclei which
validate the simple vibrational model.
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Chapter 2 Collective Iπ = 0+2 spin states 11
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+

+

+
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Figure 2.2: The energy spectra for a spheroidal and a deformed nucleus.

2.1.2 Deformed Vibrational Modes

Low-lying Iπ = 0+2 spin states can also result from collective shape oscillations
along the axis of symmetry in axially deformed even-even nuclei. The most suc-
cessful account of collective nuclear motion is given by the Bohr and Mottelson
Hamiltonian [15], written in equation 2.13 in terms of the polar coordinates (β, γ)
and Euler angles θI .

Ĥ(β, γ, θI) = T̂vib(β, γ) + T̂rot/vib(β, γ) + V (β, γ). (2.13)

with general solution

ĤΨα
IM(β, γ, θI) = Eα

I Ψ
α
IM(β, γ, θI). (2.14)

where
Ψα

IM(β, γ, θI) =
�

k

DI
MK(θI)g

α
k (β,α). (2.15)

�
k D

I
MK(θI) is a rotational matrix term, it describes the orientation of the nucleus

with respect to the laboratory reference frame and the gαk (β,α) term denotes the
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Chapter 2 Collective Iπ = 0+2 spin states 12

body-fixed coordinate system. It describes the motion of the nucleons with respect
to the intrinsic coordinate system.

The collective Hamiltonian has the following approximate solution:

EI,K,nβ,nγ =
�
2J0

[I(I + 1)−K2] + (�ωβnβ) + �ωγ(2nγ +
|K|
2

)[16]. (2.16)

• The γ vibrational band is denoted by this �ωγ(2nγ +
|K|
2
) term.

• The β vibrational band is denoted by this �ωβ.nβ term.

with moment of inertia J0. The quantum numbers I, K and M describe the
rotations of the axial symmetric nucleus where M and K are the components of I
along the intrinsic symmetry and space fixed (Z) axis respectively (see Fig 2.3).

2.1.3 Ground State Rotational Band

Figure 2.3: An illustration of an axially symmetric nuclear shape. The total angu-
lar momentum quantum number I has projection K onto the axis of symmetry and

projection M onto the space fixed Z axis [17].

The ground state rotational band energy levels (EI,0,0,0 ) for a deformed even-even
nucleus with axial symmetry are described by this relations

EI,0,0,0 =
�
2J0

[I(I + 1)−K2]. (2.17)

with the quantum numbers K, nβ, and nγ all set to zero. Equation 2.17 assumes
that the nucleus rotates about an axis perpendicular to the its symmetry axis Z � ,
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Chapter 2 Collective Iπ = 0+2 spin states 13

generating a sequence of regular spaced energy levels EI,0,0,0 with even spin values
Iπ = 0+1 , 2+1 , 4+1 etc which are shown in Fig 2.2.

2.1.4 Gamma Vibrational Band

Gamma vibrational states (see Fig 2.2) are formed from collective surface oscil-
lations that occur perpendicular to the symmetry axis, there are two types of
γ-vibrations:

• Lowest energy γ-vibrations for quantum numbers given by (K = 2, nβ = 0,
nγ = 0) are described by the relation below.

EI,2,0,0 =
�
2J0

[I(I + 1)− 4] + �ωγ. (2.18)

• Higher energy γ-vibrations for quantum numbers given by (K = 0, nγ = 1,
nβ = 0) are described by the relation below.

EI,0,0,1 =
�2

2J0

I(I + 1) + 2�ωγ. (2.19)

2.1.5 Beta Vibrational Band

It corresponds to surface oscillations that occur along the symmetry axis and
corresponds to quantum numbers K = 0, nβ = 1, and nγ = 0, leading to excited
states that are shown in the far right illustration of Figure 2.2. It has a bandhead
spin of Iπ = 0+2 with energy EI,0,1,0 that is calculated from equation 2.20. Note
that the spin Iπ = 2+2 , 4+2 etc levels correspond to an adiabatic rotation of the
nucleus as a whole.

EI,0,1,0 =
�2

2J0

I(I + 1) + �ωβ (2.20)

It has been shown that low-lying Iπ = 0+2 spin states can result from collective
surface vibrations along the axis of deformation in an axial symmetric nucleus.
Further such spin states can also result from small amplitude collective surface
oscillations about an equilibrium spherical shape. In conclusion other mechanisms
that can also give rise to excited Iπ = 0+2 spin states are shape coexistence, 2
phonon excitations (e.g. γ-γ or octupole-octupole modes) multi-quasiparticle ex-
citations and pair excitations amongst others. In the following section the pairing
interaction will be discussed.

Stellenbosch University https://scholar.sun.ac.za



Chapter 2 Collective Iπ = 0+2 spin states 14

2.2 Nuclear Pairing

The physics of nuclear pairing can be summarised as follows:

• The ground state of all even even nuclei has spin-parity Iπ = 0+ due to the
pair wise coupling of the nucleons.

• The last term of the Weizsacker mass formula results from proton pairs and
neutron pairs forming tendency, which is manifested in the better stability
that nuclei with even number of particles have compare to those with odd
number particles.

• The odd-even staggering in binding energies [18] can once more be attributed
to the stability that nuclei with even number of particles have compare to
those with odd number particles.

• The reduced rotational moments of inertia of quadrupole deformed nuclei
compared with the rigid rotor values [18] can be explained if it is assumed
that the nucleon pairing effect reduces the size of the coherence length with
respect to the overall nuclear size. Thus the nucleus would be a superfluid
having irrotational flow with a corresponding inertial dynamics.

• The gaps in the excitation spectra of even even deformed nuclei [18] are due
to pairing and the first excited states occurs roughly at Eex ∼ 2ΔBCS and
are formed by pair breaking.

• The compressed quasi-particle spectra in odd nuclei [15] results from both
single particle (last unpaired nucleon) as well as collective core excitations.

• The backbending phenomena in deformed even-even nuclei at A ∼ 160 mass
region is due to pair breaking of two i13/2 orbital neutrons and their subse-
quent spin alignment along the collective rotational axis.

• Apart from the ground state, excited states within the pairing gap also ben-
efits from the energy gain as a results of pairing correlation. For example
under rotation, the energy of the alignable i13/2 two-quasineutron configura-
tion is reduced, as a result of the centrifugal force.

• Weakly bound states are described by perturbation theory.

• Scattering results if there are vacancies close to the Fermi surface which
requires that the occupation function near the Fermi surface must be smeared
out. Thus pairing can result in partial occupancies for orbitals that are close
to the occupied orbitals. This give rise to the concept of quasi-particles see
section 2.2.3.

• Due to pairing correlations at low excitation energy the nucleon binding
energy in nuclei increases see the second bullet.
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Chapter 2 Collective Iπ = 0+2 spin states 15

• Pairing correlations are restricted to paired nucleons in identical time re-
versed orbitals with their resultant angular momentum coupled to 0.

Apart from the above mentioned pairing phenomena, pairing can also account
for the properties of excited Iπ = 0+ spin states. For example it was postulated
by Broglia and Bes [19] that pairing may give rise to so-called Giant Pairing
Vibrations predicted for heavy nuclei at large excitation energy (∼ 70 A−1/3). It
is defined as a correlated two-nucleon (2particle-2particle or 2hole-2hole) mode
predicted to occur in the second oscillatory shell above the Fermi surface. The
main tool used to search for such states are two nucleon transfer reactions, however
these states have never been experimentally detected [20].

In addition the nuclear pairing theory has been developed by a number of au-
thors such as Racah [21] who introduced the seniority concept. This concept was
latter used by Jensen and M.Goeppert-Mayer [22] in their shell model to show
why even-even nuclei have spin zero, and odd mass nuclei have the spin of the
last unpaired particle. In condense matter physics Bardeen, Cooper and Schieffer
[23] use the pairing interaction to explain superconductivity in metals. It was
postulated by Bohr, Mottelson and Pines that the energy gap found in the exci-
tation spectra of even-even nuclei may be caused by correlation effects similar to
those in superconductors, they proposed the BCS theory of nuclear interactions
[23]. Belyaev et al., [24] explain pairing properties in complex nuclei, Migdal [25]
studied superfluidity and pairing in neutron matter, Kisslinger and Sorensen [26]
listed the occupation probability values that are found by the Bogoliubov Valatin
transformation. Bardeen, Bogolyubov and Valatin [27] formulated the mathemat-
ical basis for solving the many body problem that involve the pairing interaction.
Yoshida [28] used the newly formulated BCS pairing theory to account for the
enhancement in the ground state two nucleon transfer reaction cross sections of
open shell superfluid nuclei.

2.2.1 Nuclear Pairing and Seniority

This concept was originally introduced by Racah [21] for classification of electrons
with ln configuration and having the same spin-orbit quantum numbers. It must
be noted that the L-S coupling scheme is the preferred scheme when it comes to
atomic electrons, over the jj -coupling scheme. The latter coupling scheme was
introduced by Flowers, Racah and Talmi for nuclei [29]. It is based on the idea of
pairing of particles into J= 0 pairs and represents the earliest attempts to account
for the effects of pairing in nuclei; thus the seniority quantum number refers to
the number of unpaired nucleons in the jn configuration.

Starting from the pair creation operator written in occupation number represen-
tation as

A† =
1

Ω1/2

�

m>0

a†jma
†
−jm (2.21)
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Racah showed that the pairing interaction for a j2 coupled state is given by

H = −GΩA†A (2.22)

and in the case of several j -orbitals the pairing interaction is defined by

< (jm)(j −m)|Vpair|(j
�
m

�
)(j

� −m
�
) >= −G

�
(2j + 1)(2j

�
+ 1)

�1/2

σJ0σM0

where G is the pairing strength, Ω = j + 1/2 is the level degeneracy parameter,
j is the angular-momentum and m is the angular-momentum projection on the z -
axis quantum number for a single-particle orbital |jm > and a†

−jm is the creation
operator for the time reversed orbital that is given by a†

−jm = (−1)−jma−jm. The
pair interaction scatters a pair of nucleons in the states |jm >, |− jm > that are
coupled to total angular momentum J=0 to any other |j �

m
�
>, |− j

�
m

�
> state

with constant intensity G, independent of j and m. In addition G is given by

G ≈ constant

A

where the value of the constant factor dependants on the mass region. Thus the
pairing interaction allows the pair to switch orbits and thereby mixing J π = 0+

states with their final wave function having a mixture of two particles in |jm >,
|− jm > and two in |j �

m
�
>, |− j

�
m

�
>.

It must be noted that the J=0 configuration has non vanishing matrix elements
or eigenvalue given by

E0 = −GΩ (2.23)

Further when the pair creation operator acts on the pairing interaction an equation
is obtained that gives the eigenstates:

[HA†] = GA†(Ω− n) = −G(Ω− n+ 2)A† (2.24)

Here n is the number operator

n =
�

m

a†jmajm =
�

m>0

(a†jmajm + a†¯jma ¯jm) (2.25)

In a semi-magic nucleus the J = 0 ground state configuration is assigned seniority
ν=0 and is derived from the vacuum state (|0 >) when the pair creator operator
A† operates on it, its eigenstate is given by

HA†|0 >= −GΩA†|0 > (2.26)
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Adding an additional coupled pair to the vacuum configuration, then the eigen-
states becomes

H(A†)2|0 >= −2G(Ω− 1)(A†)2|0 > (2.27)

In general for N coupled pair configurations their eigenstates can be found from
equation 2.28

H, (A†)N/2|0 >= −G

4
N(2Ω−N + 2)(A†)2|0 > (2.28)

and their eigenvalues can be obtained from equation 2.29

Eν=0(N) = −G

4
N(2Ω−N + 2) (2.29)

Larger degenerate angular momentum states e.g. J= 2, 4, 6 ... 2j-1 which are
shown in Fig.2.4 can be obtained by breaking up a nucleon pair. Thereby resulting
in configurations that have seniority ν = 2. The eigenstate of such configurations
can be obtained, if the (Ω − 1) operator B†

J is defined which creates pairs of
particles that have resultant angular momentum J �= 0. Here B†

J is denoted by

B†
J =

�

m>0

(−1)j+m(jj −m|J0)a†ma ¯jm (2.30)

and the degenerate eigenstates are found from eq.2.30

H(A†)B†
J |0 >= H|6, 4, 2, J >= −G(Ω− 2)|6, 4, 2, J > (2.31)

Figure 2.4: It is assumed that the pairing interaction is responsible for the gap between
the degenerate J= 2, 4, 6 ... 2j-1 levels and the J=0 ground state

In general seniority ν = 2 eigenstates for a N particle system is given by
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H(A†)(N−2)/2B†
J |0 >= H|N, 2, J >= −G

4
(N − 2)(2Ω−N)|N, 2, J > (2.32)

Similarly seniority ν = 1 eigenstates for a N particle system is given by

H(A†)(N−1)/2B†
J |0 >= H|N, 1, γ >= −G

4
(N − 2)(2Ω−N + 1)|N, 1, γ > (2.33)

2.2.1.1 Seniority Shortcomings

• The scheme is limited to a single j-shell in a semi-magic nucleus.

• It is no longer relevant far away from closed shells since nuclei becomes
deformed and single particle levels are more or less equally spaced, therefore
this model collapsed completely.

2.2.2 BCS Model

It is found that the ground state Hamiltonian operator is easy to use in the BCS
approximation and it is much cited in nuclear physics, here Hs.p describes the single
particle states and Hpair denotes the pairing interaction. If the single particle term
is diagonalized, the BCS operator can be written in the formalism of the second
quantization as

H = Hs.p +Hpair (2.34)

H =
�

j,m

εja
†
jmajm −G

�

jj� ,mm�>0

a†jma
†
jm̄aj�m̄, aj�m̄�a

j
�
m

�̄ .(2.35)

Where εj are the single-particle energies for levels j and G is the pairing strength
between orbitals j and j

� . In the monopole pairing approximation, all the two-
body matrix elements Gjj� , are taken to be equal to a single G.

2.2.3 Quasiparticles formalism

For a nucleus in its ground state pairs of nucleons occupying orbitals close to the
unoccupied levels can scatter to the “empty” single-particle states. The probability
amplitudes for the |jm > orbital being occupied and unoccupied by a pair of
particles are Vjm and Ujm respectively such that

V 2
jm + U2

jm = 1 (2.36)
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These amplitudes are better known as quasiparticles, a quasiparticle is a mathe-
matical tool invented to avoid the use of interacting particles and their creation
operators are calculated via the Bogolyubov-Valatin canonical transforms to be:

bjm = Ujmajm − Vjma
†
−jm jm > 0. (2.37)

b†jm = Ujma
†
jm − Vjma−jm jm > 0. (2.38)

Now the ground state of an even-A nucleus can be described as a quasi-vacuum
state bjm|0 > provided that the quasiparticle destruction operator bjm acted on
the wave function.

|BCS >=
�

(Ujm + Vjma
†
jma

†
−jm)|0 > (2.39)

where a†jma
†
−jm refers to the pair with single particle orbital jm. This wave function

does not contain a fixed particle number, it instead describe a distribution. In
condense matter physics the non-conservation of particle number is not of concern
since there are Avogadro’s number 1023 of particles and small variations of the
number of particles does not matter. However in nuclei such an approach is not
valid and will result in errors since we are dealing with a limited number of particles
at most 200. Therefore the number operator N̂ is introduced to the monopole
pairing Hamiltonian with a Lagrange multiplier λ which is control by n where n is
given by 2

�
jm V 2

jm . The total monopole pairing Hamiltonian is thus expressed
by

H − λn̂ =
�

Ejma
†
jmajm −G

�
a†jma

†
¯jm
a ¯jmajm − λ

�
a†jmajm (2.40)

here Ejm are single quasiparticle energies and is given by:

Ejm = ((εjm − λ)2 +Δ2)1/2 (2.41)

Further, λ is now the Fermi surface and Δ is the diffuseness of the Fermi surface.
If one assumes that the valence single particle orbitals coincide with the Fermi
surface εjm ≈ λ then the energy of a quasiparticle state will be roughly Δ, which
accounts for the odd-even staggering in nucleon binding energy. For even even
nuclei the lowest excited state is the two-quasiparticle BCS state which is equal
to 2Ejm ≈ 2Δ. It can be seen that the energy gap between the ground state and
two-quasiparticle state is approximately equal to 2Δ. It must be noted that no
intrinsic excitations are expected below the energy gap. In even A nuclei the first
intrinsic state has an excitation energy between 1-2 MeV. If there are lower states
these are assume to have a collective structure. In the non-degenerate case, the
constants Ujm and Vjm for which the expectation value of H−λn̂ is zero are given
by
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U2
jm =

1

2
[1 +

εjm − λ�
(εjm − λ)2 +Δ2

] (2.42)

V 2
jm =

1

2
[1− εjm − λ�

(εjm − λ)2 +Δ2
] (2.43)

Δ = G
�

j

UjmVjm (2.44)

The monopole (BCS) pairing gap parameter Δ can be estimated from the empirical
mass differences between adjacent nuclei with odd and even numbers of nucleons.
The even and odd proton pairing gaps maybe written in terms of the odd-even
binding energy staggering. The neutron pairing gaps are described by similar
notations below.

Δo,Z(P ) =
1

2
(Eb(Z, P + 1)− 2(Eb(Z, P ) + (Eb(Z, P − 1) (2.45)

Δe,Z(P ) = −1

2
(Eb(Z, P + 1)− 2(Eb(Z, P ) + (Eb(Z, P − 1) (2.46)

2.2.4 Monopole Pairing Correlations

In superfluid spherical nuclei [30–35] the Iπ = 0+1 ground and pairing vibrational
states (see section 2.2) are populated with large two nucleon transfer reaction
cross section strengths and are correlated by the monopole pairing interaction.
It is written in second quantization notation in equation 3.1, where G0 is the
pair strength parameter and ī is the time reversal orbital to i. These states result
when the single particle energy gap around the Fermi surface is of the same order of
magnitude or larger than the corresponding odd-even mass differences. In addition
monopole pairing also accounts for the large ground state (p, t) and (t, p) transfer
reactions strengths in deformed nuclei for which there is no single particle energy
gap around the Fermi surface [36–42]. In contrast their transfer cross sections to
Iπ=0+2 spin states are of the order 10−2 × σ(gs → gs) [30, 36, 42].

Hpair(λ = 0) = −G
�

jj� ,mm�>0

a†jma
†
jm̄aj�m̄, aj�m̄�a

j
�
m

�̄ .(2.47)
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Figure 2.5: The large two neutron stripping reaction cross section to the ground state
of 120Sn is correlated by the monopole pairing interaction [30].

2.2.5 Quadrupole Pairing

Evidence for the existence of quadrupole pairing correlations comes from the large
two neutron transfer reaction strengths to specific Iπ= 2+1 spin states for the Pb
isotopes [43]. A better description of the rare earths moments of inertia have
been obtained by using quadrupole pairing [44]. Quadrupole pairing has also been
applied to the actinide region in an attempt to explain the origins of the low-
lying Iπ = 0+2 two quasi-particle states. Figure 3.3 shows the two neutron pick-up
reaction spectrum for 236U, it has a pronounced peak at 920 keV which corresponds
to the Iπ= 0+2 spin state [45]. While in Figure 3.4 the same 920 keV peak is missing
from the two neutron stripping reaction spectrum [45]. Similar Iπ = 0+2 spin states
were also identified in the excitation spectra of 228-246Th , 238U and the 242,244Pu
isotopes [46].

Actinides Iπ= 0+2 spin state properties

1. They appear inside the normal pairing gap and display large asymmetries
in their two neutron pick-up (p, t) and two neutron stripping reaction (t,p)
population strengths.

2. They are weakly populated in Coulomb, inelastic and single nucleon transfer
reactions and have weak B(E2, 0+2 → 2+1 ) and B(E0, 0+2 → 0+1 ) reduced
transition probability strengths to the ground state band.
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3. They are based on steep upsloping oblate high-Ω Nilsson levels that are
extruded to the Fermi surface by the quadrupole deformation.

The above listed properties do not correspond to those of a pair vibrator, β-
vibrator, shape coexistence, 2 phonon or multi-quasiparticle excitations [46].

Figure 2.6: In the two neutron pick-up 238U(p,t)236U spectrum. The pairing isomeric
spin state is populated by the 920 keV peak [45].

Figure 2.7: In the two neutron stripping reaction 234U(t,p)236U spectrum the pairing
isomeric spin state at 920 keV excitation energy was not populated [46] and reference

theirein.
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Explaining the Iπ = 0+2 spin state in the Actinides

Figure 2.8: (a) Depicts the monopole pairing correlations with one state lowered below
all the others. While (b) depicts quadrupole pairing correlations with the oblate-prolate

pairing strength Gop weakened by ε << 1 [47].

Griffin, Jackson and Volkov [47] suggested that the properties of the low-lying Iπ

= 0+2 spin states found in the actinide nuclei can be accounted for by using con-
figuration dependent pairing which arises as a result of weaknesses in the oblate
prolate pair scattering matrix element compared to the matrix elements that con-
nects only prolate or only oblate orbitals. They illustrated this by considering a
toy model in which there are n prolate and n oblate degenerate levels at the Fermi
surface. Prolate orbitals are near the equatorial plane with respect to the rota-
tional axis, they have small magnetic quantum numbers m, a positive quadrupole
moment and have down-sloping trajectories on the prolate side of the Nilsson di-
agram. Oblate orbitals are near polar planes passing through the rotational axis,
have large m values and are associated with up-sloping trajectories on the prolate
side of the Nilsson diagram. Assume that each pairing matrix element is the same
-a for the same type, prolate-prolate or oblate-oblate, but the prolate-oblate ma-
trix elements are very weak -εa. Then if the prolate n ∗ n matrix is A, the oblate
matrix is also A and the matrix for the total system is;

�
A εa
εa A

�
(2.48)
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This matrix has (2n-2) eigenvalues with zero energy and two eigenvalues with
energies E1,2 = -(1 ± εna ) and an energy separation between the two lowered
states ΔE = 2 εna which is shown in Fig.3.5(b).

Mathematical Formulation

The ideas of Griffin, Jackson and Volkov [47] were put on a firm mathematical bases
by Ragnarsson and Broglia by using the BCS and RPA methods [48]. Starting
from the BCS equation the ground state of a deformed nucleus can be obtained
from the total Hamiltonian.

HT = {Hs.p +H(20) +H(22) +H(02)} (2.49)

where Hs.p is the single particle Hamiltonian given by

Hs.p =
�

i

εi(c
+
i ci + cīci) (2.50)

The multipole pairing Hamiltonian H(20) + H(22) is defined as

H(2λ) = −GλP
+
λ Pλ (2.51)

where P+
λ is the multipole pair creation operator and λ is the multipole order

index.
P+
λ = −

�

i

Qλ
i c

+
i ci (2.52)

and Qλ
i is the intrinsic quadrupole moment of the Nilsson single particle orbital i

and is describe by

Qλ
i = < i|rλYλ0|i > (2.53)

Further, it is assumed that G0 ≈ G2 for a surface delta force with constant surface
amplitude. One can rewrite the multipole pairing Hamiltonian in terms of quasi
particles by plugging in the Bogoliubov quasi-particle transformation

c+i = Uid
+
i + Vidī (2.54)

c+
ī
= Uid

+
ī
− Vidi (2.55)

and the normalization condition

U2
i + V 2

i = 1 (2.56)
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into the pairing Hamiltonian Hp.

Hp =
�

i

(εi − λ)(c+i ci + cīci)−GλP
+
λ Pλ (2.57)

where c+c is the deformed single particle orbital with energy εi, λ is the Fermi level,
Gλ are the multipole pairing strengths parameters and d+i creates a quasi-particle
in a Nilsson orbitals.

It follows that the pairing operator P+
λ can now be written in terms of a Hermitian

quasi-particle operator

P+
λ = −

�

j

Qλ
jUiVj(1− ni) +

�

j

(

�
n

2
P λ
j Xi + i

�
1

2
Qµ

i

�

j

) (2.58)

where
nj = d+j d

+
j̄
+ d+

j̄
d+j = n+

j (2.59)

Xj =

�
1

2
(d+j d

+
j̄
+ d+

j̄
d+j ) = X+

j (2.60)

�

j

= i

�
1

2
(d+j d

+
j̄
− d+

j̄
d+j ) =

+�

j

(2.61)

p
(λ)
j = Q

(λ)
j (U2

j − V 2
j ) (2.62)

and the pair interaction Hamiltonian becomes now

Hp = U +H11 +H20 +H40 +H31 +H22 (2.63)

where
U = 2

�

i

V 2
i (εi − λ)−

�

λ

[
Δ2

λ

Gλ

−Gλ

�

i

(Qλ
i )

2V 4
i ] (2.64)

H11 = 2
�

i

[(ε
�
i − λ)(U 2

i − V 2
i ) + 2

�

λ

(ΔλQ
λ
i UiVi)]ni (2.65)

H20 =
�

i

[(ε
�
i − λ)2UiVi −

�

λ

Δλp
λ
i ](d

+
i d

+
ī
+ dīdi) (2.66)

Assuming the quasi-particle approximation is a good approximation then the lower
excited states will have only a few quasi particles. Neglecting the terms H40 +
H31 +H22 and setting H20=0 and using the normalization condition we then get
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Ui =

�
1

2
(1 + (ε

�
i − λ)/Ei)

1/2 (2.67)

Vi =

�
1

2
(1− (ε

�
i − λ)/Ei)

1/2 (2.68)

Here Ei is the quasi-particle energy and is given by

Ei =
�

(ε
�
i − λ)2 +Δ2

i (2.69)

Δi is the state dependent pairing gap

Δi = Δ0 +
�

λ

Q
(λ)
i Δλ (2.70)

and Δλ is the multipole pairing gap.

Δλ = Gλ

�

i

Q
(λ)
i UiVi (2.71)

Substituting Ui and Vi into (34) we then arrive at the two equations

Δ0(
2

G0

−
�

i

1

Ei

) = Δ2(
�

i

Qi

Ei

)2 (2.72)

(
2

G0

−
�

i

1

Ei

)(
2

G2

−
�

i

Q2
i

Ei

) = (
�

i

Qi

Ei

) (2.73)

From the particle number constraint we get the third equation

n = 2
�

i

V 2
i =

�

i

(1− εi − λ

Ei

) (2.74)

In these equation the unknowns are the monopole (Δ0) and quadrupole (Δ2)
pairing gaps

Δ0 = G0

�

i

(UiVi) (2.75)

Δ2 = G2

�

i

(QiUiVi) (2.76)

Lastly an expression for the BCS ground state can be obtained

|0 >=
�

(Ui + Vic
†
ic

†
ī
)|ν >
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where ν is the single particle vacuum state with energy

W = 2
�

i

V 2
i ci −G0[

�

i

V 4
i − (

�

i

UiVi)
2]−G2[

�

i

Q2
jV

4
i − (

�

i

QiUiVi)
2]

The pair correlation energy is then given by

σW = W −Wdiagonal

where
Wdiagonal = 2

�

i

εi −
�

i

(G0 +G2Q
2
i )

2.2.6 Pair Isomers

The matrix element of the pairing interaction that acts among the valence particles
in the case of a quadrupole deformed nucleus is given by

G =< īi|H(20) +H(22)|jj̄ > −G0 −G2QiQj

One can thus identify two different types of pairing matrix elements those that are
related between pairs of single particle orbitals that display the same sign of the
quadrupole moment. Here we refer to the scattering between the bunch of prolate
levels around the Fermi surface

Gpp =< ipīp|H(20) +H(22)|i�pīp
�
> G0 −G2Qi(p)Qi

� (p) (2.77)

and the scattering of a pair of particles among oblate single particle orbitals that
are found below the Fermi surface

Goo =< ioīo|H(20) +H(22)|i�oīo
�
> G0 +G2Qi(o)Qi� (o) (2.78)

and pair scattering between oblate and prolate pairs of orbitals with opposite sign
of the quadrupole moment.

Gop =< ioīp|H(20) +H(22)|i�oīp
�
> G0 −G2Qi(o)Qi

� (p) (2.79)

In the model of van Rij and Kahana [49] the suggestions of Griffin, Jackson and
Volkov [47] were used to explain how monopole plus quadrupole pair correlations
results in the formation of low lying non-collective Iπ = 0+2 spin states in the
actinide region. Their arguments were based on the small B(E2:0+2 → 2+1 ) and
on the small ρ(E0,0+2 →0+1 ) reduced transition probabilities values as well as on
the orbitals located around the Fermi surface. The neutron single particle level
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distribution of Fig.3.6 is similar to those levels that are found around the Fermi
surfaces in the actinides.

In the schematic the levels around the Fermi surface are prolate while (0.5 - 1) MeV
below the Fermi surface there is a small group of oblate levels. In this case the Iπ

= 0+1 ground state will be built from the downsloping prolate orbitals since these
levels have large pair scattering amplitudes (Gpp/Δεpp), because they are closely
spaced (Gpp << Δεpp). Oblate levels have a similar pair scattering amplitude.
While the oblate-prolate levels have a smaller pair scattering amplitude value,
which results from the large average spacings Δεop >> Gop between oblate-prolate
levels. It follows thus that |Gpp| ≈ |Goo| >> |Gop| because of the weaknesses in
the |Gop| pair matrix elements one observes a dynamic decoupling of the single
particle levels.

Consequently one can expects an additional Iπ = 0+ spin state whose main com-
ponent corresponds to a scattered neutron pair that moves in an oblate level, that
is extruded to the Fermi surface by the nuclear deformation. The oblate state
exist inside the normal pairing gap because it has a small quasi-particle energy
Ei =

�
(ε− λ)2 +Δ2

i which results from the small average values of the Δi’s of
the oblate levels below the Fermi surface. The (p, t) cross section is large be-
cause the DWBA ( dσ

dΩ
)0 cross section contain the two nucleon transfer amplitude

which contain the parentage factor βγLSJ or Yoshida’s spectroscopic factor term
B(J, j1j2). This term accounts for the pairing correlations and is responsible for
the two nucleon transfer reaction cross section enhancement [28].

Further, the (p, t) cross section for the Iπ = 0+2 spin state is proportional to V 2 ≈
1 and is given by

δ(p,t)(g.s → 0+2 ) ≈ ((
dσ

dΩ
)0bni V

2)2 ≈ 1

while its (t, p) cross section is proportional to U 2 ≈ 0 (oblate levels fully occupied)
and is given by

δ(t,p)(g.s → 0+2 ) ≈ ((
dσ

dΩ
)0bni U

2)2 ≈ 0

Finally pairing isomers are not only limited to the actinide region, but have also
been found in the rare earth isotopes of 154Gd [50] and 152Sm [51]. It is because
these nuclei have their neutron Fermi surfaces near the upsloping oblate high-Ω
Nilsson ν[505] 11/2− level. In addition they have a lower density of oblate Nilsson
levels compare to the density of prolate levels, meaning the oblate-prolate pair
matrix elements Gop will be weaker than the prolate-prolate Gpp or oblate-oblate
pair matrix elements Goo.
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Figure 2.9: Simplified distribution of possible prolate and oblate levels around the
Fermi surface of the actinides isotopes drawn against the quadrupole deformation, with

the occupation probability on the rigth [48].
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Chapter 3

Nuclear Models and Simulations

3.1 Overview

In this chapter the statiscal model will be discussed. Followed by the PACE4 [52],
the HIVAP [53] and the CACARIZO [54, 55] statistical model codes. These codes
were used to estimate the strengths of the evaporation channels in particular the
1n exit channels that lead to 150Sm and 100Ru. Further each code implement the
statistical model differently.

This is followed by the FRESCO as well as the GOSIA Coupled Channels multistep
reaction calculations [56, 57]. The CCBA calculations were performed to verify
if the observed large relative strengths of the yrast spin states are not the result
of a multistep reaction mechanism. It has been suggested that the incoming 3He
projectile could Coulomb or inelastically excite the 98Mo and 148Nd target nuclei,
to their respective yrast Iπ = 2+1 , 4+1 , 6+1 and 8+1 spin states and then have direct
two proton L = 0 transfer taking place [58], populating the yrast transitions that
are seen in the γ-ray spectra of Figure 7.09 and Figure 7.10.

Shell model calculations were also performed with the NuShellX code [59]. Lastly
Monte-Carlo simulations were carried out with the GEANT4 [60] toolkit to deter-
mine the response of the NE102A plastic scintillator detectors upon the detection
of fusion evaporation neutrons in particular those that originate from the 1n exit
channels of the compound 101*Ru and 151*Sm nuclei.

3.2 Statistical Model

The first attempt to explain the nuclear decay process must be credited to Niels
Bohr [61], his idea is today known as the independence hypothesis and it is sum-
marised in relation 3.1. The core of this hypothesis is the formation of a compound
nucleus (CN) C∗, which started off as a target nucleus A that is bombarded by

30
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an incident particle a. The deposited energy is distributed statistically among
many complicated configurations, similar to the case when a body is heated. The
compound system is short-lived macroscopically, but survives long enough on a
nuclear time scale 10−20 to 10−15seconds to reached thermal equilibruim.

Figure 3.1: The schematic depicts the compound nucleus formation probability dis-
tribution σfus(l) as a function of excitation energy and critical angular momentum lcr.
It then decays via various particle emission processes to form a bound residual nucleus

which further deacay via γ-emissions [62, 63].

Once formed the compound nucleus lost all memory of its initial parts, apart from
its isospin T, its angular momentum l, its parity π and excitation energy E∗

C . It
decays by emitting particles b (neutrons, protons and or α’s) due to statistical fluc-
tuations, for significantly large excitation energy these emissions may be followed
by the compound nucleus undergoing fission. Thereafter a bound residual nucleus
often in an excited state B results. That decays in most cases to the ground state
via γ-ray transitions.
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a+ A → C∗ → B + b. (3.1)

The cross section associated with relation 3.1 can be rewritten as

σ(a+ A → B + b) = σ(a+ A → C∗)P (C∗ → B + b) = σ(a+ A → C∗)
ΓC∗→B+b

Γ
(3.2)

where the σ(a+ A → C∗) term is the compound nucleus formation cross section,
the P (C∗ → B + b) term is the probability that the compound nucleus will decay
into channel B + b which can also be rewritten as the ratio of the partial width
ΓC∗→B+b to the total width Γ. The total width can also be expressed in terms of
the half-life of disintegration τ = �

Γ
of the compound nucleus.

The basic assumption of Bohr’s model stipulates that compound nucleus decay
is independent and all possibilities for decays are possible. For a compound nu-
cleus with zero spin, if it is energetically allowed nucleons will first be isotropically
emitted. Meaning any angle θcom is equally probable and among the nucleons
depending on Z it is usually the neutrons that will come first having energy dis-
tribution that is best describe by Maxwell-Boltzmann statistics see equation 3.3
[64]. This happens because the Coulomb barrier prevents the release of charged
particles from the compound nucleus for low center-of-mass energies see Fig.3.2.

I(E) ∝ E exp

�
−E

θ

�
dE. (3.3)

where I(E) indicates the amount of neutrons that are emitted with energy between
E and E + dE. The parameter θ, with units of energy, has the role of a nuclear
temperature. It is related to the level density ρ(E) term of the daughter nucleus
B by:

1

T
=

dS(E)

dE
(3.4)

with

S(E) = lnρ(E) (3.5)

ρ(E) ∝ e2
√
aE. (3.6)

where S (E) is the nuclear entropy term, the dS (E)/dE term is calculated at the
limit of emission of a neutron with zero kinetic energy and the parameter a is
known as the level density parameter. The level density specifies the number of
different ways in which individual nucleons can be placed in the various single
particle orbitals such that the excitation energy lies in the range E to E+dE. For
nuclei located far away from close shells a changes linearly with mass number A
here k is estimated to range between k � 7.5− 8 [65].

a � A

k
MeV −1. (3.7)
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Figure 3.2: The evaporated particle yields are trended against their centre-of-mass
energies, these were extracted from the CACARIZZO results for the 101*Ru compound
nucleus. Due to the Coulomb barrier the average kinetic energies of the protons and

α-particles are larger compare to those from the neutrons.

In conclusion the independence hypothesis forms the basis of several advance sta-
tistical models for compound nuclear decay i.e. the Weisskopf stastical model
which was develop by H.A. Bethe [66], L.D. Landau [67] and V.F. Weisskopf
[68]. One major weak point of this theory is the lack of angular momentum and
parity inclusions. Therefore it was superseded by the quantum mechanical Hauser-
Feshbach approach [69], which includes angular momentum and parity terms in
the compound nucleus partial reaction cross section σb(E, I,Π) description. The
latter cross section can be obtained by starting with the incidence channel a and
ending with the exit channel b for a given orbital angular momentum l

σb(E, I,Π) = σa(E, I,Π)
Γb(E, I,Π)�
n Γn(E, I,Π)

. (3.8)

where E, I and Π are the excitation energy, the total angular momentum and
parity of the compound nucleus respectively. The index n represents the possi-
ble decay channels, Γn denotes the particle decay width and σa is the compound
nucleus formation cross section. This quantity is expressed in terms of the trans-
mission coefficients T a

l (�):

σa(E, I,Π) =
π

k2

2I + 1

(2l + 1)(2i+ 1)

l+i�

S=|l−i|

I+S�

l=|I−S|
f(l,Π)T a

l (�). (3.9)

Stellenbosch University https://scholar.sun.ac.za



Chapter 3 Nuclear Models and Simulations 34

where k is the projectile (target) relative motion wave number, (i, l) is the projec-
tile (target) spin, l is the projectile orbital angular momentum, S is the channel
spin, � is the projectile energy, �+Ba = E, a is the projectile binding energy and
the f (l, Π) quantity accounts for parity conservation.

The final cross section σab is obtained by integrating all the partial cross sections
that are connected with all the levels (I, Π) of the compound nucleus:

σab(E) =
�

I,Π

σb(E, I,Π). (3.10)

Lastly the particle decay width Γn of the compound nucleus state (E, I,Π) from
where particle b is emitted is given by:

Γb(E, I,Π) =
1

2πρ(E, I,Π)

�

I�=0

�

Π�

I+I
��

j=I−I�

� E−Bb

0

ρ(E
�
, I

�
,Π

�
)T l,j

b (E − Bb − E
�
)dE.

(3.11)

where Bb is the binding energy of the emitted particle b, ρ(E �
, I

�
,Π

�
) is the level

density in the compound nucleus and T l,j
b (�

�
) is the transmission coefficients of

particle b having channel energy � = E −Bb −E
� and orbital angular momentum

l where E
� represents the excitation of the bound residual nucleus.

3.2.1 The PACE4 code

The Monte-Carlo PACE4 (Projection Angular momentum Coupled Evaporation)
code was initially developed by Gavron [52], to predict partial cross sections for
the competing fusion evaporation reaction channels, that resulted from the com-
pound nucleus de-excitation stage. PACE4 originates from the JULIAN - the
Hillman-Eyal evaporation code [52]. The code performs only statistical equilib-
rium calculations and does not take into account the pre-equilibrium emission. It
produces the angular distribution of the emitted particles or residues in the lab-
oratory frame and most of the nuclear parameters like reaction Q-values, optical
model parameters, interaction barriers and level densities are predefined and may
also be manually entered. The level density is derived from the Fermi gas model
but the beam energy, projectile (target) mass and charge as well as the number of
simulated events must be specified. For any specific bombarding energy, the par-
tial cross section σlcr for compound nucleus formation at a given critical angular
momentum lcr (the amount of angular momentum required for compound nucleus
formation) is given by

σlcr =
λ2

4π
(2l + 1)Tl (3.12)

where λ = �2
2µE

is the reduced wavelength of the incident channel in the center of
mass system, and Tl is the transmission coefficient which is derived from the Fermi
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gas distribution model
Tl = [1 + exp(l − lcr)/δ)]

−1 (3.13)

where δ is the diffuseness parameter and lcr is determined from the compound
nucleus formation cross section σcn which is denoted by

σcn =
∞�

l=0

σlcr . (3.14)

In Fig 3.3 the 101*Ru and 151*Sm compound nuclei partial cross section distri-
butions as functions of their angular momenta are shown. From these plots the
critical angular momenta lcr for both compound nuclei and their intergrated cross
sections which are listed in Table 3.1 were obtained. The calculations were per-
formed with default optical model parameters and were run for a million events.
It was not possible to directly compare the calculated results with those from the
measurements, since measured cross sections were not extracted. The best ap-
proach was to compare the cross section ratios for the 1n/3n exit channels from
the statistical model calculations and experimental data. The latter were obtained
by extracting the relative strengths for the Iπ = 2+1 and 4+1 spin states from the
total projection spectra.

It is found that the PACE4 results deviates from the measured strengths see Table
5.2.

Figure 3.3: The 101*Ru and 151*Sm compound nuclei partial cross sections are plotted
as functions of their angular momenta. Again due to the influence of the Coulomb
barrier the 101*Ru cross sections are larger than those of 151*Sm, starting from spin

2.5� to 23.5�.
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3.2.2 The HIVAP code

The Heavy Ion VaP code is a very fast analytical program. It is based on the
GROGI code [53] which was modified by W. Reisdorf [53]. The code follows the
statistical Hauser-Feshbach approach and is primarily used to calculate the re-
action cross sections of heavy and super heavy elements. It differs remarkably
from its predecessor because it is assumed that the evaporation residue forma-
tion proceeds via the complete fusion of the projectile and target nuclei to form
a compound nucleus, which decay via the competition between nuclear fission,
particle evaporation, and γ-ray decay. Further, the code follows a new approach
to calculate the level densities, the nuclear masses, the interaction barriers, the
fission barriers, transmission coefficients and shell effects amongst others. Consult
Ref.[70] for a comprehensive description of the code.

This code predicts similiar results as those given by PACE4 see Table 3.2.

3.2.3 The CACARIZO code

CACARIZO [54, 55] is a statistical evaporation simulation program which de-
scribes the de-excitation process of an excited nucleus in terms of the Hauser-
Feshbach formalism. This code is a Monte-Carlo version of CASCADE [54], which
assumes that the reaction begins with an initial state and ends with a final state.
Starting with the formation of a compound nucleus and ending with the statistical
decays of the equilibrated system via light particle and γ-ray emissions. The par-
ticle emissions are approximated in terms of semi classical angular distributions
and include kinematical effects and are calculated in the center-of-mass reference
frame.

The partial cross section σ(I, π) for compound nucleus formation can be expressed
as a function of the spin I, the parity π, the target spin IT , the projectile spin Ip,
the center of mass energy E, the transmission coefficients Tl(E), the orbital angular
momentum L and the channel spin S = |Ip + IT |.

σ(I, π) =
λ2

4π

(2I + 1)

(2Ip + 1)(2IT + 1)

|S=P+IT |�

|IP−IT |

L=|I−S|�

|I+S|
Tl(E). (3.15)

The total fusion cross section σlc for the critical angular momentum lc of the
compound nucleus is given by

σlc = πλ2

lc�

L=0

(2l + 1)Tl(E) (3.16)
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where the transmission coefficient Tl(E) is approximated from the Fermi gas dis-
tribution expression for a given angular momentum and energy:

Tl(E) =
1

1 + exp[(l − l0)/ΔL]
(3.17)

here l0 is the grazing angular momentum and ΔL is the diffuseness coefficient. The
transmission coefficients can be calculated by using appropriate optical model po-
tentials. The need for such a coefficient arises due to the complicated interactions
of the nucleons in the target nucleus with the incident particles in the projectile.
The nuclear many-body problem can be approximated by a two-body problem as-
suming all the interactions can be describe by a simple potential U(r) that exists
between the nucleus and the incident particles. This simplistic potential U(r) can
be equated to a glass ball where the projectile and target nucleus are beams of
light interacting with the glass ball. This glass ball is imagined to be somewhat
murky to reproduced the occurrence of elastic scattering and absorption in the
interaction.

U(r) = V (r)fR(r) + iW (r)fI(r) (3.18)

here V(r) and iW(r) are terms that describes the real (elastic scattering) and
imaginary (absorption) depths of the potentials, fR(r) and fI(r) are their radial
form factor terms given by the Wood - Saxon potentials and is denoted by:

fR,I(r) = [1 + exp(
r −RR,I

aR,I

)]−1 (3.19)

where RR, RI are radii and aR, aI are the surface diffuseness terms. The transmis-
sion coefficients can now be express in terms of such parameters, see Ref.[71].

Tl =
−8

ν�

� ∞

0

dr|yl(r)|2W (r) = 1− |Sl|2 (3.20)

here Sl = ei2σl is the scattering matrix term and σl is a phase shift term needed
due to the potential V (R). Depending on the parts of the potential (real and
imaginary) σl will correspondingly assume such a part. This way of reasoning
shows that the transmission coefficients represent the probability that a particle i
undergoes an inelastic interaction process.

One of the main input needed in the calculation amongst others is the nuclear
level density ρ(E, I) parameter. This variable is calculated from the Fermi gas
expression:

ρ(E, I) =
2J + 1

12
a1/2(

�2

2Jeff

)3/2
exp(

�
[4a(E − T − EI)])

(E − T − EI)2
) (3.21)

where a is the level density parameter calculated from the Rotating Liquid Drop
Model (RLDM) and it determines the energy dependence, T is the thermodynamic
temperature, EI =

I(I+1)�2
2Jeff

+Δ is the yrast curve term which is derived from the
RLDM formula, Δ is the pairing correction term, Jeff = Jsph(1+δ1J

2+δ2J
4) is the
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effective moment of inertia, Jsph = 2/5A5/3r2◦ is the spherical rigid body moment
of interia where A is a mass number and r◦ is the nucleus radius, δ1,2 are the
deformability parameters. The deformability parameters effect the deformation of
the compound nucleus under rotation, hence the compound nuclear level density
(and in directly the partial fusion reaction cross sections) will be affected by the
dynamic deformation of the nucleus. In Table 3.1 the inputs which were used in
the present calculations are listed these are the critical angular momentum, the
deformability parameters, the beam energy and the total number of simulated
events. Default optical model coefficients were used.

Table 3.1: The CACARIZO code inputs for the 98Mo(3He, xn)101*Ru and for the
148Nd(3He, xn)151*Sm evaporation reactions. The listed compound nucleus excitation
energies Ecom[CN], cross sections σ[CN] and critical angular momenta lcr values were

obtained from the PACE4 code.

98Mo(3He, xn)101*Ru
Elab Ecom[CN ] σ[CN ] lcr Total δ1 δ2

[MeV] [MeV] [mb] � Events
25.0 39 1150 8.0 104 10−4 10−6

148Nd(3He, xn)151*Sm
25.0 36 950 8.0 1×10−4 2×10−4 1×10−6

Table 3.2: The statistical model codes calculation results for the 1n/3n exit chan-
nels strengths of 101*Ru and 151*Sm are listed with those from the measurements.The

uncertainties on the measured strengths are in the order of 5%.

Codes Theory Spin Exp Theory Spin Exp
101*Ru Ratios 151*Sm Ratios

PACE4 4.8×10−5 1n(2+1 )/3n(2+1 ) 0.05 6.2×10−5 1n(2+1 )/3n(2+1 ) 0.01
1n(4+1 )/3n(4+1 ) 0.008 1n(4+1 )/3n(4+1 ) 0.003

HIVAP 4.4×10−6 2.0×10−4

CACARIZO 5.4×10−4 4.5×10−4

It can be seen that the CACARIZO results are no different from the results ob-
tained with the other two statistical model codes. The latter model predicts very
small strengths for the 1n/3n ratios which does not support the present obser-
vations. An alternative means of neutron production is to invoke giant dipole
resonance (GDR). It is a statistical pre-equilibrium mode, which is A, Z depen-
dent and is not contained in the statistical model. Bothe and Genter in 1937
discovered this mode via the photo-absorptions observed with the 63Cu nucleus
[72]. This mode is known as the Isovector Giant Dipole Resonance (IVGDR) hav-
ing isospin T = 1 and results when the protons moves collectively relative to the
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neutrons in the presents of an oscillating electric field. It’s frequency was correctly
predicted by Arkadii B. Migdal [73] in 1944 in terms of sum rules. It is located
above the particle emission threshold energy and may de-excites through, nuclear
fission, emission of neutrons having energy En � Bn + 2T ◦

c (Bn is the neutron
binding energy and T ◦

c is a temperature ) or high-energy γ-rays (Eγ � 10 − 30)
MeV, or combinations of these. Other characteristics are it manifest as a broad
bump in the de-excitation spectra. For medium mass nuclei the excitation energy
is given by Eex � 70 − 80A−1/3. The discussion thus far considered only IVGDR
restricted to the ground state, however they can also be build on an excited state
according to the Brink-Axel hypothesis [74].

A search of the online nuclear data archives could not found IVGDR cross sec-
tions for 101*Ru and 151*Sm [75]. The only information that were found were for
the neigbhoring isotopes see Table 3.3, which shows that the process under discus-
sion are populated with very small cross section and centroide excitation energies
several MeV away, compared to those for compound nuclei formation see Table
3.1. This information suggest that the enhanced neutron yields detected with the
NE102A plastic scintillator detectors could not have been produced as a result of
IVGDR.

Table 3.3: Main GDR parameters for nuclei in the vacinity of 101*Ru and 151*Sm[75]
.

Z A Ecom[MeV] FWHM [MeV] σ[mb]
42 100 27.3 7 20.3
- 98 28.11 13.3 5
- 92 25 8.2 8.2

62 natural 27.39 10 20.8

3.3 Coupled Channels Analysis

In order to investigate the possibility that the low-lying yrast spin states of 100Ru
and 150Sm, were produced via inelastic target excitations followed by proton pair
transfers, coupled channels Born Approximation (CCBA) calculations were con-
ducted. There are various codes available that incorporates the channels technique
i.e. the CHUCK3 Coupled Channels Born Approximation CCBA code [76] as well
as FRESCO [56] amongst others. The latter is a general purpose coupled chan-
nel reaction computer code which was written and are still administrate by Ian
Thompson [56]. The first code version was written in Fortran 77 but latter updates
are Fortran 90 competable. The code can be run in both text and graphical mode
(XFRESCO interface) on multi-platforms i.e Linux, Windows, Vax and Unix.

FRESCO uses equation 3.22 to calculate the inelastic scattering differential cross
section in the laboratory reference frame in units of mb/sr. Where Ii is the excited
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state spin and |A(Ki, K)niIiMi;nIM | is the inelastic scattering amplitude. Here Ki

and K are the incoming and outgoing momenta.

dσ/dΩ =
1

2Ii + 1MMi

|A(Ki, K)niIiMi;nIM |2 (3.22)

The coupled channel potential Vif (R) can be parameterised in terms of the en-
trance θi(�) and the exit θf (�) channels as well as the transition matrix element
potential Vif (R, �).

Vif (R) =

�
d�θf (�)

∗V (R, �)θi(�) (3.23)

which can be split into a nuclear and a Coulomb potential, the latter potential
can be written as:

Vif (R) =
�

λ>0

4π

2λ+ 1

Zte

Rλ+1
f ; IfMf |M(Eλ, µ)|i, IiMiYλµ(R) (3.24)

Using the Wigner-Eukart theorem (see Bohr and Mottelson for definitions [15])
the Coulomb reduced matrix elements becomes

f ; IfMf |M(Eλ, µ)|i, IiMi = (2If + 1)−1/2IfMf |λµIiMffIf ||M(Eλ)||i, Ii (3.25)

• For non diagonal transitions in the frame work of the rotor model the reduced
electric matrix elements Mif (Eλ) is given by.

If ||M(Eλ)||Ii =
�

(2If + 1)B(Eλ; IfIi) (3.26)

• A similiar exercises was followed to derive the expression for nuclear excita-
tions which is related to the deformation lengths δλ.

δλ = βλR =
4π

3ZteR

�
B(Eλ, If → Ii)

�1/2
(3.27)

where βλ is the nuclear deformation parameter, R is the charge radius, Zet is
the target charge and B(Eλ,If → Ii) is the reduced electric quadrupole transition
probability. The calculations were performed in which the entrance channel was
treated by adopting a two state model approach. Further the states were coupled
to all orders. Again in order to generate the coupling potentials, a collective
model for the target nuclei was assumed. Coulomb and nuclear matrix elements
were obtained from the experimental values of the reduced transition probabilities
B(E2) and the deformation length δλ respectively [77, 78]. It must be noted that
the 148Nd nucleus has a large E3 matrix element value of B(E3; 0+ →3−) ∼ 40
W.u [78] which suggest significant octupole collectivity. Further for the central
potential of this 98Mo + 3He reaction the optical potential parameters of Vervier
et al [79] were used, while for this 148Nd + 3He reaction those of WP.Alford et al
[80] were adopted see Table 3.4.
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Table 3.4: Optical potential parameters for a 25 MeV 3He beam on a 98Mo [79] and
on a 148Nd targets [80].

Ch VR rR aR W rl al WD rD aD Vso rso aso

[MeV] [fm] [fm] [MeV] [fm] [fm] [MeV] [fm] [fm] [MeV] [fm] [fm]
98Mo

3He 153.58 1.20 0.72 38.6 1.40 0.88 0 - - 2.5 1.20 0.72
148Nd

3He 170.10 1.16 0.75 17.0 1.49 0.82 0 - - 2.5 1.20 0.72

Figure 3.4: An illustration of inelastic excited spin states. The arrow thickness denotes
the strengths which decrease with increasing excitation energy.
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Table 3.5: The FRESCO multistep results for the low-lying yrast spin states of 98Mo
and 148Nd. The strengths were normalised to those of the 2+1 → 0+1 spin states which

were set to 1.

Eex[MeV] Jπ
i → Jπ

f If ||E2||Ii[eb] δ2[fm] 98Mo(3He,3He)98Mo
0.787 0+1 → 2+1 0.526 0.929 1.0
1.510 2+1 → 4+1 1.01 3.1×10−2

2.345 4+1 → 6+1 0.593 1.2×10−3

3.272 6+1 → 8+1 5.4×10−5

Eex[MeV] Jπ
i → Jπ

f If ||E2||Ii[eb] δ2[fm] 148Nd(3He,3He)148Nd
0.301 0+1 → 2+1 1.138 1.112 1.0
0.752 2+1 → 4+1 2.0 3.0×10−2

1.279 4+1 → 6+1 2.62 1.0×10−3

1.856 6+1 → 8+1 2.89 5.0×10−5

In order to compare the code estimates with the measurements a similiar procedure
as in section 3.2.1 were followed. The predicted inelastic scattering strengths for
the yrast spin states at θlab = 00 are smaller than the measured strengths see
Table 5.1 and 5.2. The conlusion drawn is that the inelastic excitation mechanism
cannot explain the observed yrast transition strengths.

3.3.1 The GOSIA code

Gosia is a Fortran code which was orginally written by T. Czosnyka, D. Cline and
C.Y. Wu [57]. It is a semiclassical coupled channel Coulomb excitation least square
search code and was develop from the Winther and de Boer code [81]. This code
is multifunctional since it can perform multidimensional fits of matrix elements to
data points and it can simulate γ-ray transition intensities as well as excitation
probabilities. It takes input (matrix elements, level scheme, spectroscopic data,
particle and γ-ray detectors setups etc) from the command line however input files
can also be generated with the Rachel graphical user interface routine [57]. Consult
Ref.[82] and references therein for a comprehensive description of the code.

It must be noted that the criteria for Coulomb excitation, stipulates that the
projectile bombarding energy should be smaller than or equal too the safe energy
Esafe (for pure Coulomb excitation) which is parameterised in equation 3.28 in
terms of the projectile (target) mass A1,2 and projectile (target) charge Z1,2 [57].
It was found that the present projectile beam energy is roughly 0.40% to 0.5%
larger then the estimated safe Coulomb excitation energies.

Esafe = 1.44
A1 + A2

A2

Z1Z2

1.25(A2/3 + A1/3)
(3.28)

Therefore the yrast transition strengths listed in Table 6.1 and 6.2 cannot be
attributed to a multistep reaction mechanism.
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3.4 The NuShellX code

Independant particle calculations were done with the NuShellX codes sets written
by Bill Rae [59] to evaluate if the two proton component of the Iπ = 0+2 spin state
located at Eex = 1.130 MeV which belongs to 100Ru is consistent with the present
direct reaction observations. The code uses the proton-neutron J -coupled basis
with J -scheme matrix dimensions of up to the order of 106. It calculate excita-
tion energies, (iso)spins, parities, spectroscopic factors, electromagnetic transition
probabilities as well as one and two particle transfer ampitudes.

The NuShellX@MSU wrapper codes sets written by Alex Brown [83] was also used,
it provided a user friendly interface to input data and it converts the output into
figures and tables. In Fig 3.5 the NuShellX@MSU layout is shown for a detailed
description of these codes, consult Ref.[84]. In the present calculation the gl model
space [85] and gl interaction matrix, employing a 88Sr core were used. This model
space spans the 100Ru valence Z -orbitals of 2p1/2 and 1g9/2 and the valence N -
orbitals of 3s1/2 and 2d5/2. It generate 12 valence nucleons (six protons and six
neutrons) which did not require further truncating of the model space. In Fig 3.6 a)
the measured level energies having angular momentum 0, 2, 4 and 6 are compared
with those which are predicted by the shell model see Fig.3.6 b). According to
the shell model both neutron and proton orbitals contributes to the final angular
momenta see Table 3.7. In addition there exist large discrepancies between the
relatively positions of the predicted and measured energy levels. However the
relative ordering of the level energies is reproduced by the calculations. Further,
an interesting observation is that the low-lying yrast transitions were populated
with relative large strengths see Table 5.1 and 5.2. The yrast B(E2) transition
probabilities shown in Fig 3.7 were reported by T. Konstantinopoulos et al., [86]
and calculated with the NuShellX code amongst others, using the jj45pn valence
space and the jj45pna interaction. In Fig 3.7 it can be seen that the measured
trend is reproduced but the code fell short of account for the experimental values,
this is because the transitions have a collective origins.

In Table 3.6 the main code output of interest for the Iπ = 0+2 level is listed. It can
be seen that 78.9% of the wave function comes from J = 0 couplings of protons and
neutrons with almost 50.0% of the wave function resulting from an excitation of
the pair of 2p1/2 protons into the 1g9/2 orbital by the residual interaction. Thereby
increasing the total number of protons that reside in the 1g9/2 orbital to six. The
(Jπ = 2, Jν = 2 ) coupling is responsible for 19.82% of the wave function and (Jπ

= 4, Jν = 4 ) couplings contributing 1.21%. Based on the NuShellX results it is
proposed that the Iπ = 0+2 spin state has a dominant proton pair character.
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Table 3.6: The NuShellX [59] predictions for the Iπ = 0+2 spin state of 100Ru.

Iπ Jπ × Jν Eex Eγ Eth ν π Partial
[keV] [keV] [keV] Orbitals Orbitals

3s1/2 2d5/2 2p1/2 1g9/2 Amp
2 4 0 6 49.65

0+2 0 1130 590 1644 1 5 2 4 2.52
0 6 2 4 0.57
2 4 2 4 26.20

2 0 6 2 4 0.23
2 4 1 5 1.53
2 4 2 4 18.06
1 5 2 4 0.02

4 2 4 2 4 1.09
0 6 2 4 0.13

Figure 3.5: A layout of the NuShellX@MSU [84] wrapper codes sets.
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Figure 3.6: Comparison btweeen the measured a) and the NuShellX [59] predicted
100Ru energy levels b). The level energies are in keV units.

Figure 3.7: The experimental and calculated B(E2) values for the low-lying yrast
transitions reported by T. Konstantinopoulos et al [86].

Stellenbosch University https://scholar.sun.ac.za



Chapter 3 Nuclear Models and Simulations 46

3.5 GEANT4 Simulations

The GEometry ANd Tracking (GEANT4) code [60] simulates the passage of par-
ticles through matter via Monte Carlo methods. It is an object oriented code that
is written in C++ which was first developed by CERN. It found applications in
medicine, space sciences, nuclear, high energy physics and accelerators physics. In
the present measurements the toolkit was used to roughly simulate how many fu-
sion evaporation neutrons that originates from the 1n evaporation channels of the
compound 101*Ru and 151*Sm nuclei. Deposited sufficient energy into the NE102A
plastic scintillator detectors via elastic collisions with the hydrogen and 12C nu-
clei. This information was use to deduce the neutron detection efficiency �tot of
the plastic scintillator detectors, which assisted to explain the observed relative
strengths of the low-lying yrast spin states.

In order to build the application GEANT4 requires that the experimental setup,
the physics processes and the primary particles must all be defined. It must be
noted that all six NE102A plastic scintillator detectors were modelled as a single
(600 × 600 × 100) mm3 slab without the photomultiplier tubes. In the application
the predefined QGSP_BIC_HP physics list was used. It takes into account all
the physics processes involved in the reaction i.e. the various interactions of the
incident fast neutrons with the NE102A material. It covers the energy range
from 1.0 MeV to 20 MeV as well as higher energies. Furthermore the primary
particles originates from a particle gun and it was directed to shoot randomly
within the solid angle covered by the plastic scintillator detectors. Additional user
interaction classes (i.e. the G4UserEventAction, the G4UserRunAction and the
G4UserActionInitialization) were also created to extract the 1D neutron energy
distributions.

Statistical model code calculation results for emissions from the compound 101*Ru
nucleus (Fig 3.8) shows that the bulk of the 1n exit channel neutrons have emission
energies between 14 MeV to 28 MeV. In Fig 3.9 it can be seen that these energies
corresponds to relative large efficiencies. The efficiencies can be explained in terms
of the rotational evaporation mechanism put forward by T.Dossing et al [87] and
is supported by in-plane and out of plane charged particles angular distribution
measurements which was conducted by D. Mahboub et al [88] and many others.
According to T.Dossing et al [87, 89] the evaporated particles angular distributions
in the laboratory reference frame can be classically parameterised as:

W (θlab) ∼ 1 +
β2

2
cos2(θlab) (3.29)

where the parameter β2 =
µω2R2

2T
accounts for the rotational emissions (numerator)

and thermal emissions (denumerator). The angle θlab is the emission angle with
respect to the beamline. For small values of θlab, W (θlab) is dominated by the
rotational emissions. This happens when two spin zero particles collide with the
orbital angular momentum of their relative motion orientated perpendicular to the
velocity of the projectile. Hence the compound nucleus orbital angular momentum
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will be in a plane perpendicular to the incident beam see Fig 3.10. The most
effective way for the compound nucleus to de-excites is to emit particles. Not only
does it dissipate energy but also angular momentum, once more this is orientated
perpendicular to the angular velocity v = ωR. Hence particle emission will mostly
likely be perpendicular to the compound nucleus orbital angular momentum J◦
axis. Therefore, particles are preferentially emitted with maximum cross section
probability on a disk where the diameter is along the beam axis. The traditional
picture usually is to compare the disk of a grinder to the plane of rotation of a
nucleus. The sparks fly within the plane (see Fig 3.10), not out of plane.

Thus happens mostly within the solid angle covered by the NE102A scintillator
detectors. These detectors on averaged recieved more evaporation neutrons than
initially believed meaning more γ-rays from the excited residual nuclei were de-
tected with the clover detectors.
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Figure 3.8: The 101*Ru compound nucleus 1n, 2n and 3n exit channel center of mass
emission energies are trended against cross sections, these results were estimated with

the HIVAP statistical model code [53].

Figure 3.9: The GEANT4 simulated NE102A plastic scintillator neutron detection
efficiencies versus deposition energies.

Figure 3.10: The illustration show a particle that is evaporated in a plane perpendic-
ular to the compound nucleus orbital angular momentum [90].
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Chapter 4

Experimental Method and Data
Analysis

4.1 Introduction

Two sets of high resolution two proton stripping (3He, nγ) reaction measurements
were performed by operating the AFRODITE HPGe detector array in coincidence
with a wall of large volume NE102A plastic scintillator detectors placed 2.0 m
downstream of the target. The measurements took place at iThemba LABS in
Cape Town, South Africa using 12 days beam on target time. The beam was
produced by the Seperated Sector Cyclotron (SSC) and the choice of bombarding
energy was 25.0 MeV for 3He particles on isotopically enriched targets of 98Mo and
148Nd. This bombarding energy is less than the Coulomb barrier ∼ 27 MeV for
α-particles on lead therefore, a lead Faraday cup was used to intercept the beam
between the target and the neutron wall.

In this section the details of the measurement will be discussed.

4.1.1 Neutron Time-of-flight Trigger

Two proton states can be populated via heavy-ion reactions e.g. (6Li, 8B), (11B,
13N) and (18O, 20Ne) amongst many others but these reactions often lead to struc-
tureless angular distributions [91]. In addition cross sections obtained with such
reactions are normally very small and poorly described by DWBA methods. Lastly
ejectile and projectile excitations also contribute to spectra contamination.

An alternative way to populate two proton states is to use the (3He, nγ) reaction
together with the time-of-flight trigger (t-o-f). However this reaction has one
major disadvantage which is the poor neutron energy detection resolution. Apart
from the aforementioned problem, this reaction also have advantages for example

49
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spectra obtained with it, have generally less contamination. Different L-value
transfers can easily be selected because their angular distributions exhibit strong
characteristic features.

The t-o-f trigger involves generation of a start signal at the instant of neutron
detection and a stop signal generated from the radio frequency reference signal of
the accelerating voltage and an electronic measurement of time interval between
the two signals. In the present cyclotron based measurement the start time was
derived from NE102A plastic scintillator detectors. The stop signal came from
the cyclotron RF. In routinely performed t-o-f measurements most of the time
resolution depends on the time jitters in the start and stop pulses, the inherent
resolution of the time measuring electronic modules which in the present case was
a set of time to amplitude converters (TAC’s). The TAC’S experienced time jitter
hence it was not possible to time calibrate them additional contributing factors
were:

• The time jitters of the coincidence modules.

• The time structure of the beam pulse.

• The thickness of the neutron detectors (uncertainty of the flight path).

• The geometry of the detectors (center closer to the target than the edges).

• The transit time of the photons within the NE102A bars and electrons within
the PMT’s [92].

Finally, the Compton suppressed large volume HPGe detectors made it feasible
to conduct the direct proton pair stripping reaction (3He, nγ) at high resolution.
This was achieved by detecting the direct reaction γ-rays in coincidence with the
outgoing fast neutrons, which were recorded with the NE102A plastic scintillator
detectors positioned at forward angles ranging from θlab ∼ 0◦ to 10◦. This is
in contrast to former two proton stripping measurements, where poor resolution
(FWHM ∼ 300 keV to 500 keV) were normally obtained over short flight paths
[80, 93].

4.1.2 Time Calibration

As previously pointed out the electronic modules especially the TAC’s experienced
time jitter. Hence it was not possible to use them to extract neutron energy
distributions. However the two γ-ray peaks in the 1D time-of-flight versus counts
spectrum shown in Fig.4.1, were used for that purpose. The peaks are narrow
because all γ-rays travel at the speed of light and thus reach the scintillators at
a time corresponding to the target (beam stop) distance divided by the speed of
light 30 cm/ns. For a target separation of 200 cm the γ-ray peak centroid appears
at 6.66 ns. Equation.4.2 was used to deduced the beam stop γ-ray arrival time at
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Figure 4.1: The t-o-f spectrum comes from the two proton stripping reaction (3He,
nγ) at a beam energy of Elab = 25 MeV. The first peak comes from the target γ-rays, the
second peak comes from the beam stop γ-rays, followed by the direct reaction neutrons.
The pronounced peak originates from the relatively slow moving statistical neutrons.

the scintillators, which consist of two parts. The first part is the time (12.5 ns)
that the 3He beam (with a speed of 4 cm/ns) took to transverse the 50 cm to the
beam stop. The second part is the time (5 ns) that the beam dump γ-rays took
to cover the 150 cm to the NE102A plastic scintillators detectors. Therefore it is
expected that the beam dump γ centroid will be positioned roughly at 18 ns on
the time-of-flight axis. The neutrons have a much broader distribution of speeds
as a direct result of their Q-values and continuous Maxwellian energy distribution
of the fusion evaporation channels. Finaly the target γ-ray peak was Gaussian
fitted in order to extract the FWHM time resolution of the plastic scintillators a
value of 2.2 ± 0.5 ns was obtained.

4.1.3 Time-of-flight n-γ Discrimination

Equation 4.1 parameterises the kinetic energy En of an outgoing neutron in terms
of the ground state reaction Q-value, the beam Ebeam and recoil Erecoil energy.
While the neutron t-o-f is formulated in equation 4.2 in terms of the flight path l
, the neutron rest mass m and particle kinetic energy En.

When a 25.0 MeV 3He beam collides with a 98Mo target nucleus the reaction is
exothermic with a Q-value of 7.79 MeV. PACE4 [52] estimate a recoil energy of
Erecoil ∼ 0.74 MeV for the 101*Ru compound nucleus. This is about 2% compared
to the direct reaction neutron energy of 32 MeV which correspond to a velocity
of 79.0 mm/ns that take 25.0 ns to travel the 2.0 meters distance to the plastic
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scintillators detectors. This is in contrast to the competing statistical neutrons
from the (3He, xnγ) fusion-evaporation reactions which have energies peaking at
about 2 MeV (see Figure 3.2) and are less than 1% of maximum at 6 MeV. These 6
MeV neutrons have a velocity of 34 mm/ns (v/c = 11.3%) taking ∼ 60 ns to travel
2.0 meters. The bulk of the statistical neutrons will take ∼ 130 ns to transverse
the 2.0 meters.

As the velocity of the neutrons is proportional to
√
En it follows that the direct

reaction neutrons have about twice the velocity of the statistical neutrons and may
be separated from them by the t-o-f method over the relatively short distance of 2.0
m. Thus the γ-rays, direct neutrons and statistical neutrons are well separated by
time-of-flight. It should be remembered that the statistical neutrons are emitted
isotropic on a disk and symmetric at right angles to the orbital angular momentum
of the compound nucleus [88]. In the slow moving centre-of-mass reference frame.
Whereas the L = 0 neutrons from the (3He, nγ) reactions have most of their cross
section peaked at θlab = 0◦ [80, 93]. In addition the plastic scintillator detectors
subtend a small solid angle to the statistical neutrons of about 1% of 4π.

En ∼ Qg.s. + Ebeam − Erecoil (4.1)

t-o-f ∼ l ×√
m

4
√
2× 10−8

√
En

. (4.2)

4.1.4 Target Manufacturing

The 98Mo and 148Nd targets materials were supplied by Isoflex [94]. To manufac-
ture the 98Mo target, 98.42% enriched material in powder form was melted under
vacuum using a tungsten filament electron-gun in order to remove oxygen from the
powder. This was followed by cold rolling of the metal pellet to the final thickness.

In the manufacturing of the 148Nd target, 97.40% enriched 148Nd oxide powder, was
mixed with filings of Hafnium in a stoichiometric ratio of 1.5 this was convert into a
metallic form [94]. The mixture was then compressed into a pellet and transferred
to a Ta boat where the Nd was evaporated while it was reduced under vacuum
by heating it using an electron gun. The melted Nd metal was collected on a
copper water cooled crucible and finally a pure solid metallic ball was rolled under
an inert atmosphere inside a glove box. This process was achieved by inserting
the collected Nd metal into polished stainless steel plates folded into an envelope
shape, and the process was repeated until the final thickness was reached. The
rolled Nd metal was mounted on standard AFRODITE frames and stored under
vacuum to minimize the oxidation process. A rough idea of the target thickness
was available from the weight and surface area of the target material used in the
manufacturing process. The specific thickness of the (148Nd: ∼ 5.2 mg.cm−2 and
98Mo: ∼ 10.1 mg.cm−2) targets was determined by α-particle energy attenuation
and X-ray absorption measurements.
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4.1.5 Experimental Setup

In the present measurement a 25.0 MeV 3He+ beam pulsed with a time structure
of 270 ns and having a time spread of 1 ns FWHM was delivered by the Separate
Sector Cyclotron onto the 148Nd target. The same beam also irradiated the 98Mo
target. The time average count rate on the clovers was typically of the order of 25
kHz and 40 kHz on a plastic scintillator detector.

Figure 4.2: An illustration of the experimental setup. The target holder is at the
centre, surrounded by nine clover detectors. The beam dump is also shown with the

neutron wall positioned at the back.

Figure 4.3: The AFRODITE HPGe detector array is shown in the foreground, while
the NE102A plastic scintillators are covered with a black cloth and are at the back.
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4.1.6 AFRODITE HPGe Detector Array

A picture of the AFRODITE HPGe detector array is shown in Fig 4.3. It consists
of a rhombicuboctahedron with 15 detector positions. The target chamber has
the same geometry with 5 mm windows on the 16 square faces. Normally the
AFRODITE HPGe detector array consists of nine clover detectors which are more
or less like the EUROBALL III type geranium detectors and eight LEPS detectors
for photon detection between 30 keV and 300 keV. During the measurements no
LEPS detectors were used. The clovers were placed in rings at θlab = 90◦ and
135◦ around the target chamber. Their fronts were covered with 1.2 mm thick
copper absorber plates to absorb X-rays, especially those that originates from the
relative high-Z target material. These detectors subtend a solid angle of 8% of 4π.
Each clover consists of a closed arrangement of four n-type germanium crystals to
improve the add-back factor. The clovers are multi-detector assemblies therefore
the effect of Doppler broadening which is maximum at 90◦ is minimal for the
clovers. The maximum gap between two adjacent crystals is 0.7 mm without any
absorbent material along the whole crystal length. All four crystals are housed
in a common cryostat with a tapered end cap. The distance between the front
size of the end cap and the crystals is 0.2 mm . Normally germanium crystals are
surrounded by a BGO shield, to suppress the Compton scattered γ-rays.

4.1.7 AFRODITE Relative Efficiency Calibrations

Not all γ-rays that are emitted by the source and that pass through the detector
will produce a count in the system. The probability that an emitted γ-ray will
interact with the detector and produce a hit is the peak efficiency of the detec-
tor. The peak efficiency is energy dependent because high energy γ-rays have a
tendency to scatter out of the crystal, which will result in missing counts in the
individual observed peaks. Therefore when extracting the intensity of a γ-ray
transition one needs to correct for the missing counts by taking the ratio of the
photopeak events and γ-ray transition efficiency. For this measurement the rela-
tive efficiency of the nine HPGe detectors need to be well known between 300 keV
and 1600 keV as the transitions that depopulates the low lying Iπ = 0+ spin states
lie within this energy range.

The relative efficiencies of the AFRODITE HPGe detectors were obtained by cal-
ibrating all the nine clover detectors with a standard 152Eu γ-ray source immedi-
ately after each measurement so that the detector responses are the same as for the
experimental data. The calibration sources were placed at the centre of the array
and data were recorded for several hours to accumulate sufficient statistics. There-
after the raw calibration source data file was analysed with the Radware xmgf3
code [95]. The end result was a .sto file that contains the γ-ray photopeak counts,
centroids, energies, and channel numbers. The Radware code SOURCE was used
to combine the raw source .sto file, with a standard .sou data file containing fixed
energies and relative intensities of 152Eu γ-rays. The SOURCE program created a
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.sin file that was used as input to the curve fitting program EFFIT, which fitted
equation 4.3.

� = exp([(A+ Bx+ Cx2)−G + (D + Ey + Fy2)−G]−1/G). (4.3)

to the source data points. The seven parameters of the calibration that were
adjusted are labelled A through G and are listed in Table 4.1. with x = log(Eg

E1
)

and y = log(Eg

E2
). The parameters A, B and C describe the efficiency at low

energies, so that on a log-log plot the efficiency curve is A + Bx + Cx2, i.e.

log(�) = A+ Blog(
Eg

E1

) + Clog(
Eg

E1

)2 (4.4)

Similarly D, E and F describe the efficiency at high energies,

log(�) = D + Elog(
Eg

E2

) + F log(
Eg

E2

)2 (4.5)

Here Eg is the γ-ray energy, and the constants E1 and E2 have the values 100 keV
and 1 MeV, respectively. The parameter C is in general not required, and is by
default fixed to zero, G is an interaction parameter between the two regions; the
larger G is, the sharper will be the turnover at the top in Fig 4.4. If the efficiency
turns over gently, G will be small. In Fig 4.4, it can be seen that the turnover
point is at about 180 keV. From the relative efficiency fit an efficiency file was
created which was used by the Radware ESCL8R code [95] to apply least squares
fittings directly to the 2D γ-ray data in order to extract the relative intensities
and energies of the level scheme transitions.
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Figure 4.4: Relative efficiency plot for the AFRODITE HPGe detector array vs γ ray
energies. The experimental data points are from a standard 152Eu γ-ray source. The
solid red line is the result of a least-square fit using the Radware [95] EFFIT program.
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Table 4.1: Clover detector relative efficiency calibration coefficients.

Parameters A B C D E F G
Values 2.0(9) 2.0(8) 0.0(0) 1.28(4) -0.9(19) -0.1(9) 15.0(11)

4.1.8 AFRODITE Energy Calibrations

Calibrating the clover detectors for energy is an important part of γ-ray spec-
troscopy analysis. By using a standard γ-ray source, one can match the detector’s
response to the expected results, thereby calibrating the data to the environment
of the specific experiment. The clover detectors were calibrated for energy with the
152Eu standard γ-ray source. The raw calibration data file was then sorted to ex-
tract a 1D histogram which provided the calibration points shown in Fig 4.5. The
calibration data points were then fitted with a first order polynomial again (due to
very good electronic linearity), here the calibration coefficient a=- 127.686±0.165
is the intercept on the energy axis which describe the amount of shift present in
the data channel x. The coefficient b= 0.49982± 9.0×10−5 is known as the energy
dispersion it denotes the rate of energy change in channel numbers. Both parame-
ters values were determined by a least square fit to the multiple data points, which
was performed with the Radware ENCAL program [95]. The linear fit provided
an energy calibration with an accuracy of 0.1 keV over the energy range 0-2 MeV.
Each clover elements calibration coefficients were further used as gain correction
coefficients to gain match all 36 clover elements.

Figure 4.5: Clover detectors linear energy calibration. The data points are from a
standard 152Eu source and the errors are of simbol size. The solid red line is a least-

square fit performed with the Radware [95] ENCAL program.
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4.1.9 FWHM-Calibration

Gamma rays detected in a spectroscopic system produce peaks in the spectrum.
These peaks can also be called γ-ray transitions by analogy to optical spectroscopy.
The width of the peaks is determined by the resolution of the detector, which is
a very important characteristic of γ-ray spectroscopic detectors. Good resolution
enables the spectroscopist to separate two γ-ray transitions that are close to each
other. The most common figure used to express detector resolution is the Full
Width at Half Maximum (FWHM). This is the width of a γ-ray peak between
the background underneath the peak at half of the highest point on the peak
distribution. Equation 4.6 parameterised the FWHM in terms of f, g and centroide
position x denoted in keV units. The first term is due to noise in the detector and
amplifier and the second term originates from the statistics of the charge collection
process. The experimental widths, which are, shown in Fig 4.6 were obtained from
fitting a few 152Eu peaks with the Radware xmgf3 fitting procedure. These were
then again fitted to obtain the parameters values of f = 1.00 ± 0.04 and g = 23.58
± 1.41 for an energy dispersion of 0.5 keV per channel.

FWHM(x) =
�
f 2 + g2 × Eγ. (4.6)

Figure 4.6: The FWHM values are trended against channel numbers. The data
points were taken from a standard 152Eu γ-source spectrum and the solid line is a fit

of equation 4.6 to those points.

Finally the parameters were used to execute the Radware program ESCL8R and
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to set manual gates in the matrix in order to extract 1D γ-ray spectra and to fit
relative transition intensities directly to the 2D data.

4.1.10 NE102A Plastic Scintillators

In the measurement six large volume NE102A plastic scintillators detectors were
used to detect the fast neutrons that were emitted at forward angles. Each detector
consists of a 600 × 100 × 100mm3 rectangular bar of NE102A plastic scintillator
illustrated in Fig 4.9. The two conical Perspex light guides, at either end of the
bar, transport the scintillation light to the two Hamamatsu R329 photomultiplier
tubes which are covered with muon shields. The NE102A material has a density of
1.032gcm−3, a refractive index of 1.58 and is covered with a light insulation mate-
rial to completely cut-off external photons, as the photomultipliers are extremely
sensitive to visible light. The high emissivity material is also important to absorb
photons escaping the scintillator. It improves the energy resolution and timing.
Additional properties are listed in Table 4.2.

Table 4.2: NE102A plastic scintillator standard properties.

Properties NE102A
Relative Light Output (% Anthracene) 65
Rise Time [ns] 0.9
Decay Time [ns] 2.2-2.5
Pulse Width, FWHM [ns] 2.7-3.2
Light Attenuation Length [cm] 250
Wavelength of Max. Emission [nm] 425

The scintillators could not differentiate between neutrons and γ-ray events, since
pulse shape discrimination was not used. The scintillators covered a total area
of 0.6 × 0.6m3 with a wall thickness of 0.1 m. The wall was positioned 2.0 m
downstream from the target position and covered a solid angle of Ω ∼ 0.09 sr
in the forward direction with an efficiency of approximately 12% (see Fig 3.9) to
detect the 32 MeV neutrons at small angles. The short flight path is sufficient to
select neutrons originating from the direct reaction, since they arrived first at the
neutron wall compared to the slower moving evaporation neutrons. The former
were detected at the same instance when γ-rays were detected with the clover
detectors. Thus allowing that high-resolution γ-ray spectroscopy measurements
can be conducted with the HPGe detectors.
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Figure 4.7: Technical illustration of a NE102A plastic scintillator detector.

4.1.11 Energy Calibration of the Plastic Scintillators

Cosmic-ray muons were used to calibrate one of the six NE102A plastic scintilla-
tors planks. Theafter the other scintillators were calibrated relative to the initial
calibrated one. The muon is an elementary particle whose charge and spin are
equal to that of the electron. However it is almost 207 times more massive than
the electron. They have energies that ranges from sub GeV to energies that are
larger than 1020 eV, with no upper limit ever observed. However at sea level their
average energy is about 4 GeV. Thus making them an excellent freely available
calibration source. According to the Bethe Bloch stopping power formula written
in equation 4.7 [96], the muon energy loss E is represented by dE per unit of dis-
tance dx traveled inside a material. The negative sign accounts for the energy lost.
The constant K ∼ 0.307MeV cm2/g, the charge of the incident muon z, the atomic
number of absorbing material Z, the atomic weight of absorbing material A, the
velocity of the incident particle β = v/c, the electron mass me ∼ 0.511MeV/c2,
the speed of light c, the Lorents factor γ = 1

√
1− β, the maximum energy trans-

fer per collision Tmax, the mean excitation energy I as well as the density effect
correction σ(βγ).

It predicts that an absorber with a density of 1.032gcm−3 (e.g. the NE102A
material) has a stopping power dE/dx of roughly 2.0MeV cm2g−1 on a 4 GeV muon
that passes through it. Therefore the average energy that such a particle will loss
(mainly via ionisation) is expected to be approximately 2 MeV/cm. Equation 4.8
parameterised the energy loss in terms of dE/dx, the distance traveled Δx as well
as the material density ρ. It foreseen that when high energy muons transverses
vertically through a 10 cm thick NE102A plastic scintillator detector. They will
deposite an average energy of more or less 24 MeV with uncertainty σ(Em) that is
dependant on the distance travelled through the scintillator. Further the predicted
value is supported by the muon energy loss distribution shown in Figure 4.8 which
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confirms that muons indeed lost a mean energy of (24.1 ± 0.3) MeV when passing
through the NE102A material.

−dE

dx
= Kz2

Z

A

1

β2

�
1

2
ln
2mec

2β2γ2Tmax

I2
− β2 − σ(βγ)

2

�
(4.7)

Em =
dE

dx
×Δx× ρ (4.8)

σ(Em)

Em

=
σx

Δx
.

Figure 4.8: A muon energy loss spectrum measured with a NE102A plastic scintillator
detector [97]. The tail on the rigth is formed when the muons suffer multiple large

energy transfers during single collisions.

4.1.12 NE102A Detector Timing Circuitry

The NE102A plastic scintillator detectors provided output pulses which can be
related to the emitted γ-rays and neutrons that originated from the various reac-
tion channels. In Fig.4.09 the scintillator timing circuitry is outlined in the block
diagram. These were powered with standard CAEN high voltage power supply
units.

When a neutron interacts within the NE102A material the interaction produces
scintillation light which is transported directly or via total internal reflection to
the conical Perspex light guides. These light guides direct the light towards two
photomultiplier tubes (PMT) on opposite sides of the plastic scintillator. Each
PMT has an anode and dynode output points. The PMT converts the light into
an electric charge signal, this signal took roughly ∼ 0.9 ns to rise on an oscilloscope.
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The timing signals were derived from the positive dynode output points illustrated
in Fig 4.10 and were directed into the ORTEC 113 amplifiers (which were housed
in a CANBERRA 2020 NIM bin power supply unit) where they were converted
into voltage pulses.

Thereafter the voltage pulse was split into two parts with one going to the PIXIE16
ADCs and the other into a coincident unit in order to test for coincidence between
two photomultipier tubes. From here the signals were directed into timing filter
amplifier (TFA) sets via pre amplifiers. The latter devices were used as shapers
to output pulses with short rise times and having exponential decay tails. The
TFA’s outputs were directed into twelve constant fraction discriminators (CFD)
that were connected to the left and right PMT’s on all the plastic scintillators
detectors. Their purpose were to generate a timing signal with a fixed time between
interaction, independently of the amplitude.

The CFD output signals were inspected for time coincidences with an oscilloscope
after when they were confirmed to be in coincidence with each other. They were
then passed to a coincidence module which determines if the CFD output is in
time coincident with the RF signal. If true an output signal is generated this
maybe achieved via a transmission gate or via the signal summing method. The
latter method was used where the two input signals were summed together, the
resultant pulse was then passed through a discriminator tuned to a height just
below the sum of the two logic pulses. The discriminator is trigged whenever the
amplitude of the resultant pulse is large enough. This happens when the CFD
and RF signals come close in time to overlap, this time period is known as the
coincidence resolving time and is dependant on the minimum electronics overlap
and the signals widths. It must be noted that a second RF signal was directed
into the TAC but was delayed by 64 ns which was achieved by using a stretcher
modules. The output of the coincidence unit was fed into a time to amplitude
converter where it was used as a start signal, but the delayed RF pulse was used
as the TAC stop signal. The TAC output was converted into a short rise time
long decay time signal before arriving at the XIA Pixie16 digital pulse processor
system to be digitized.

The XIA Pixie16 system consists of a number of modules with timestamp fre-
quency of 100 MHz, each module can accept 16 signals from any radiation detec-
tor at a sampling rate of 100 MHz. Further, each channel offset can be digitally
manipulated, however their are two voltage gains any one may be selected via the
relay option. Several individual modules were combined into a larger system which
was housed in a PXI crate. After digitization the information was then send to
the Maximum Integrated Data Acquisition System (MIDAS) [98] to be stored as
raw data files for further analysis. For a more detail discussion of the XIA Pixie16
digital system and MIDAS consult Ref.[97, 99].
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Figure 4.9: The NE102A plastic scintillator detector timing circuitry block diagram.

Figure 4.10: An illustration of the signal summing coincidence method at work in the
C.U. module.
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4.2 Overview

In this chapter the data analysis of the two proton stripping datasets will be
discussed. During the off-line analysis the 2D γ-ray events were analysed with
the Radware data analysis package, while those corresponding to the t-o-f were
analysed with both Radware [95] and the ROOT CERN [100] analysis software.

4.2.1 ROOT Trees

ROOT is written in C++ it is an object-oriented program and library developed
by CERN [100]. It was originally designed for particle physics data analysis, but
it is also used in other applications such as nuclear physics research. ROOT trees
were created from the raw data files by sorting them with the SimSort code [101].
The trees are made up of nodes (i.e. branches or subdirectories) and leaves, the
leaves represents variables and contain the calibrated data files.

4.2.2 Contour Plot Generation

The coincidence of a γ-ray seen in a clover detector and a neutron detected
(neutron-single mode) by one of the plastic scintillator detectors made it pos-
sible to build the time-of-flight vs Eγ scatter plot that is shown in Fig 4.13. The
latter plot was first linearised mainly to adress shape elongations that results from
the electronics. Starting from the left on the contour plot the target γ-ray blob
appear first, closely followed by the beam dump γ-ray blob. These are followed by
the fast neutrons (black circle) and finally the statistical neutrons (grey square).
Further the contour plots were used to generate the direct reaction neutron gated
γ-ray spectra for 100Ru and for 150Sm. In order to build the 2D scatter histogram
the timestamp difference spectrum between the RF and clover detectors as well as
between the RF and NE102A detectors were generated.

From the aforementioned spectra two time correlated spectra were sorted for each
measurement. It must be noted by taking time differences it ensures that other
triggers that may be present in the raw data are eliminated. The sorted spectra
are the time correlated spectrum from the timestamp difference between the neu-
tron and clover detectors (Fig 4.11) and the time correlated spectrum between the
RF and clover detectors (Fig 4.12). Each of the correlated spectra has pronounced
events these correspond to prompt events that came from the target. The repeat-
ing small peaks in Fig 4.12 correspond to random events, they repeat with the
cyclotron frequency of 37.0 MHz (= Δ Tburst ≈ 270.0 ns) and are well separated
from the correlated peak. The achieved timing resolution is about Δt ∼ (15-20)
ns and the prompt to random event’s ratio is roughly 3:1. If the time jitter is
ignored, the measured time resolution equates to the time resolution of the clover
detectors.
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Figure 4.11: Time correlated spectrum from the time stamp difference between the
neutron and clover detectors. The larger prompt peak correspond to events that came

from the target while the smaller peak originates from beam dump events.

Figure 4.12: Time correlated spectrum from the time stamp difference between the
RF and clover detectors. The small peaks corresponds to repeating beam burst.

Stellenbosch University https://scholar.sun.ac.za



Chapter 4 Experimental Method and Data Analysis 65

Figure 4.13: The time of flight vs. Eγ 2D scatter plot for the NE102A plastic scin-
tillator detectors. Starting on the left the first locus is due to the target γ-rays, while
the second one is due to the beam dump γ-rays. The direct reaction neutron region is
indicated with the circle while the evaporation neutron region is labelled with the grey

square.

4.2.3 Setting gates

The initial approach was to set graphical gates around the fast neutron (back
circle) and statistical neutron (grey square) regions using a ROOT TCut macro.
The fast neutron region is identified from the large PMT light output coming
from the fast neutrons that transfer their kinetic energy to the NE102A plastic
scintillator detector. The extracted γ-ray spectra were contaminated with peaks
which mainly came from the strongest fusion evaporation i.e. the (3He, 3nγ) and
the (3He, 2nγ) exit channels see panel a) in Fig.4.14.

Thereafter background statistical neutron gated γ-ray spectra were created. The
counts under the peaks of the strongest contaminant transitions (i.e. the 652 keV
γ-ray peak of 98Ru and the 552 keV γ-ray peak of 148Sm) were extracted from
the neutron gated γ-ray and background γ-ray spectra by applying Gaussian fits.
The extracted counts were used to calculate normalization coefficients which were
applied to the background γ-ray spectra before subtraction. It can be seen that
the background subtracted spectra have significantly less contaminant transitions
see panel b) in Fig.4.14 and panel c) Fig.4.15. In panel b) the 406 keV transition
which depopulates the Iπ = 0+2 state at 740 keV excitation energy is part of
the background. This is because the time synchronisation between the clovers
and plastic scintillator detectors did not work well for the 150Sm measurement.
To generate panel c) shown in Fig.4.15 a narrow time gate was placed on the
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fast neutrons which resulted only in the appearance of the 539 keV and 590 keV
transitions. Panel d) was also generated via a narrow time gate this time placed
on the 1n exite channel stastistical neutrons. It can be seen that the 590 keV
transition is now much reduced whiles the low-lying yrast transitions appears.
This indicates that the Iπ = 0+2 spin state is largerly populated via the direct
stripping of a (0s)2 proton pair onto an even even 98Mo target nucleus.

Figure 4.14: The 150Sm total projection spectrum is shown in panel a) and the fast
neutron γ-ray spectrum is shown in panel b). Panel b) was extracted although the time

coincidences did not work well.

Figure 4.15: The 100Ru narrow time fast neutron gated γ-ray spectrum is shown in
panel c) and the tight time statistical neutron gated γ-ray spectrum is shown in panel d)
here the 590 keV transition that depopulates the Iπ = 0+2 state at 1130 keV excitation
energy is now much reduced. This indicates that the Iπ = 0+2 state is populated through

direct transfer of a (0s)2 proton pair to the even even 98Mo nucleus.
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4.2.4 Gaussian Peak Fits

The Radware programme xmgf3 written by Radford et al., [95] was used to fit the
peaks of interest in the neutron gated γ-ray and γ-γ coincidence histograms. It is
a χ2 peak-fitting program built originally to analyse γ-ray spectra, however xmgf3
can also be used to do general purpose histogram analysis.

Xmgf3 fits a function Y which is described by equation 4.09 the function is consist
of a (1) Gaussian of height H×(R/100) it is the main component of the peak which
arises from the complete charge collection inside the detector, (2) a skewed Gaus-
sian of height H×(1-R/100) accounts for events with incomplete charge collection
due to crystal deffects because of neutron damage inside the detector material
resulting in an exponential tail on the low-energy side and a (3) smoothed step
function of height H×(Step/100) to increase the background on the low-energy
side of the peak. The different constant backgrounds below and above the full
peak stem from multiple interactions of one γ-ray inside the crystal where the
full energy is not deposited (Compton background). The last two peak-fitting
components can be set to zero if not needed.
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where

• Y - counts in peak

• A - a normalization factor

• R- skewed Gaussian

• X0 - peak centroids (keV)

• σ -standard deviation

• FWHM = 2
√
2ln2σ

• erfc- is the complement of the error function

• X - channel number

• β-skewness of the skewed Gaussian
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Before starting with the fitting analysis, it was wise to fit a few standard γ-ray
source peaks over a wide energy range. In order to determine an initial set of peak
shape coefficients, such that different peak shapes could be fitted similarly. For
this purpose the 121.7 keV, the 344.4 keV, the 778 keV, the 1213.7 keV and the 1408
keV γ-ray peaks of 152Eu were chosen as the initial fitting peaks. These peaks are
well separated from other γ-ray transitions and had good statistics. Thereafter,
either all the γ-ray peaks of interest can be simultaneously fitted or each peak
can be fitted individually. The latter approach was adopted to first determine the
peak width limits of integration and was then used with one of the initial peak
shape parameters to perform the integration. The starting coefficients were varied
to best fit the data, in addition linear background subtraction were also used.

4.2.5 Peak Counts and Errors

In xmgf3 the area of the fit function is calculated by:
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The shape parameters which are listed in Table 4.3 were used in the analysis of the
neutron gated γ-ray peaks of interest, they correspond to the fits with the smallest
χ2 and were used to extract the peak areas and errors by the error propagation
method.
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Table 4.3: Initial peak shape coefficients were derived from fitting the listed γ-ray
peaks of 152Eu.

Eγ[keV] R β Step χ2

121.6 6.3 2.3 0.08 1.3
344.0 0.0 1.78 0.0 1.2
778.6 0.0 2.016 0.0 1.4
1213.7 0.0 2.221 0.0 1.25
1408.7 0.0 2.41 0.0 1.1

4.2.6 2D γ-γ Coincidence Histogram

The multiplicity distribution of all the data are plotted in Fig.4.16 it indicates that
the data have a sizable amount of coincident events. Further, it can be seen that
the zero-fold (neutrons), one-fold (γ-ray singles) and two-fold (γ-γ) multiplicity
events are dominant while the three-fold multiplicity events are minimal, however
the four-fold events are negligibly small. The two-fold events are statistically
sufficient to construct two matrices with dimensions of 4096 × 4096 channels and
having energy dispersion of 0.5 keV/channel and spanning the energy range up to
2 MeV. The matrices were sorted for those events that fall inside the clover clover
coincidence time window .

Figure 4.16: The multiplicity distribution plot of all the data indicates that most of
the collected data are either zero, one, two or three fold.
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4.2.7 Analysing the 2D Histogram

The γ-γ coincidence matrices were analysed with the Radware ESCL8R code [95].
ESCL8R requires a total projection spectrum which was generated by slicing the
matrix with the Radware code slice into x and y total projections spectra. One of
the two total projections spectra was used to extract a background spectrum via
the xmgf3 routine. The latter spectrum and various other (e.g. an efficiency, an
energy calibration, the FWHM parameters and a γ-ray coincidence decay scheme)
inputs were used to prepare the 2D γ-ray histogram for analysis. Gated spectra
were extracted from the 2D histogram by making energy slices around the γ-ray
peaks of interest in order to locate all γ-ray transitions that are in coincident with
the primary (gated) ones see Fig.4.17 and Fig.4.18. The level scheme is built by
displaying multiple gates and then visual search for new transitions these are then
added to the level scheme.

Figure 4.17: This spectrum was derived from placing a gate on the 539 keV (2+1 → 0+1 )
ground state transition of 100Ru.

Figure 4.18: This spectrum was derived from placing a gate on the 334 keV (2+1 → 0+1 )
ground state transition of 150Sm.
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4.2.8 Extracting Relative Intensities

In Table 5.1 the relative γ-γ coincident transition intensities for the 100Ru isotope
are listed. While in Table 5.2 those for 150Sm are summarized, in both cases the
relative intensity values were found by applying least-square fits directly to the
2D γ-ray data with the known level scheme used as a model. It is known that the
uncertainties on the efficiency calibration and on the background subtraction will
effect the fitted intensities. In addition it is also possible to find negative intensities
this may occur when two or more coincident transitions are close in energy. This
normally may results that one of the transitions show too large an intensity which
is then balance by negative intensity obtained from one of the other transitions in
the level scheme.
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Results

5.1 100Ru results

In Fig 5.1 the two proton stripping reaction 98Mo(3He, nγ)100Ru relative popula-
tion strength (σrel ∼ 13.7(1)%) to the Iπ = 0+2 spin state of 100Ru is listed amongst
other strengths [104]. It was extracted by normalising the counts of the 590 keV
transition to the strongest transition seen in the data of JS. Thomas et al., [103].
This strength is significantly larger then this (σrel ∼ 0.9(0.4)%) strength which
was extracted from the fusion evaporation reaction 98Mo(α, 2nγ)100Ru at a beam
energy of 28 MeV and was reported by CM. Lederer et al., [105]. As earlier noted
the latter strength can be attributed to the fusion evaporation process. In order to
determine if feeding from higher lying spin states contributed to the large relative
stripping strength. A visual inspection of the 2D γ-ray data could not found any
transitions that feeds the Iπ = 0+2 spin state. Therefore it is concluded that the
Iπ = 0+2 spin state is mostly populated via the direct stripping of a L = 0 proton
pair onto the 98Mo target nucleus.

The known 100Ru partial decay scheme shown in Fig.5.2 is in agreement with the
one shown in Fig.5.3 for the yrast spin states up to Iπ = 8+1 . Further in Table
5.1 it can be seen that the present relative coincidence intensities of the yrast
transitions are quite large. These were compared to those which were reported by
CM. Lederer et al [105]. It can be seen that the yrast intensities compare very well
with those from Lederer et al [105]. Their origins had been shown to came from
fusion evaporation mechanism(see chapter 3). Finaly the coincidence technique
prove to be a powerful work around to extract the relative strength for the Iπ =
0+2 spin state in the absence of the measured NE102A plastic scintillator detectors
efficiencies.

72
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Figure 5.1: The two proton stripping reaction 98Mo(3He, nγ)100Ru relative population
strength to the Iπ = 0+2 spin state of 100Ru is plotted with the two neutron pick-up

reaction strengths [104] which was reported by J.S. Thomas et al., [103].

Table 5.1: The γ-ray gated coincident intensities Iγ−γ are shown for the listed tran-
sitions of 100Ru. The intensities were normalised to the 2+1 → 0+1 transition intensity
which was set to 100. The relative intensities which were reported by CM. Lederer et
al., [105] were obtained from the fusion evaporation reaction 98Mo(α, 2nγ)100Ru at 28

MeV beam energy.

100Ru
Eex [keV] Jπ

i → Jπ
f Eγ[keV] Iγ−γ Iγ−γ [105] Mult.

539.51 2+1 → 0+1 539.10(4) 100.00(10) 100.00() E2
1130.31 0+2 → 2+1 590.55(13) 13.07(1) 0.9(0.4) E2
1226.46 4+1 → 2+1 686.72(4) 84.13(12) 86(3) E2
2077.11 6+1 → 4+1 849.14(5) 54.72(11) 63(3) E2
3059.50 8+1 → 6+1 984.50(14) 22.61(12) 25(2) E2
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Figure 5.2: The partial decay scheme of 100Ru includes the γ-ray transitions that are
listed in Table 5.1. The arrows represent the γ-ray transitions having energies labelled

in keV, while their width denotes their relative intensities.

Figure 5.3: The 100Ru partial γ-ray decay scheme was extracted from the fusion
evaporation reaction 98Mo(α, 2nγ)100Ru at 28 MeV beam energy and reported CM.

Lederer et al., [105]
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5.2 150Sm results

As previously pointed out since the present 150Sm direct reaction data is not
well time correlated no meaningfull conclusions could be reached from the results.
Earlier in a related measurement WP. Alford et al., [80] investigated the nature
of the Iπ = 0+2 spin state that is position at 0.740 MeV excitation energy in the
γ-ray level scheme via this 148Nd (3He, nγ)150Sm reaction. At beam energy of
Elab = 25.0 MeV measured for θlab = 0◦ using a 9 meter flight path and a time
resolution of 1 ns 500 keV. The latter spin state was previously seen in the (p,
t) reaction conducted by P. Debenham et al [106]. However WP. Alford et al.,
could not found such a spin state. At first glanced it seems the data (see Figure
5.4) represents an opportunity to obtain information on the low-lying yrast spins
states via fitting the line shape of the low resolution t-o-f histogram. However such
a procedure is challenging and plague with uncertainties on the data digitization,
on the excitation energy calibration and on the background subtraction amongst
others therefore it was not attempted.

Figure 5.4: This direct 148Nd(3He, nγ)150Sm reaction was carried out using a 25.4
MeV 3He beam at zero degrees with respect to the beam axis, the neutron t-o-f distri-

bution was reported by WP. Alford et al., [80].
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5.2.1 150Sm 2D γ-ray results

Again the present γ-γ coincidence data (Fig.5.5) are in agreement with the known
yrast transitions shown in the partial decay scheme of Fig 5.7. Further Table 5.2
shows that the listed relative intensities for the yrast transitions as well as that
of the Iπ = 0+2 spin state compares well to those which were reported by JV.
Thompson et al [107] for the fusion evaporation measurement 148Nd(α, 2nγ)150Sm
at 22 MeV beam energy.

An inspection of the 2D γ-ray data reveals that the Iπ = 0+2 spin state is fed by the
1223 keV transition which is shown in Fig.5.6. It’s intensity was taken in account
when the final intensity for the Iπ = 0+2 spin state was extracted. Furthermore
JV. Thompson et al., [107] reported a 407.41 keV transition that is close in energy
to the 405.58 keV transition. The former transition depopulates the Iπ= 7−1 level
at 1.764 MeV excitation energy in Fig 5.7, however it was not observed.

Figure 5.5: The partial decay scheme of 150Sm was deduced from the γ-γ coincidence
data.
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Figure 5.6: The gated 406 keV (0+2 → 2+1 ) transition spectrum of 150Sm. The 1223.26
keV transition that feed the Iπ = 0+2 spin state at 740 keV excitation energy is clearly

visible.

Figure 5.7: The 150Sm γ-ray decay scheme was extracted from the fusion evaporation
reaction 148Nd(α, 2nγ)150Sm at 22 MeV beam energy and reported by JV. Thompson

et al., [107].
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Table 5.2: The Iγ−γ coincident intensities were extracted from Fig.4.18 for the listed
transitions of 150Sm. The intensities were normalised to the 2+1 → 0+1 transition inten-
sity which was set to 100 and are compared to those that were reported by JV.Thompson

et al., [107].

150Sm
Eex[keV] Iπi → Iπf Eγ[keV] Iγ−γ Iγ−γ [107] Mult

333 2+1 → 0+1 333.70(4) 100.0(10) 100 E2
740 0+2 → 2+1 406.58(2)+ 407.41(3) 10(8)a 9.1(5) E2+M1
773 4+1 → 2+1 439.08(5) 85.77(12) 80(4) E2
1279 6+1 → 4+1 505.36(6) 65.41(11) 58(3) E2
1837 8+1 → 6+1 558.14(11) 28.81(14) 31(2) E2
1963 (1−) → 0+2 1223.01(14) 10.1(12) E1

The intensity contribution of the 1223.01 keV transition was subtracted from the
406 keV transition.
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Discussion

6.1 100Ru

The 100Ru nucleus is located at the fringes of sphericity with Z = 44 which is six
protons away from the Z = 50 shell closure, while the neutron Fermi level are
located six neutrons away from the N = 56 shell closure. 100Ru has a Iπ= 0+2
spin state at Eex = 1.130 MeV excitation energy this spin state shows unusual
properties. In the present two proton stripping reaction measurement (3He, nγ)
on an even-even 98Mo target nucleus it was populated with a relative strength
value of σrel ∼ 13.7(1)%.

Recently Thomas et al performed a two neutron pickup measurement 102Ru(p,
t)100Ru where the Iπ = 0+2 spin state was populated with an absolute strength
of σrel ∼ 3% compared to the ground state strength [103]. Also in the single
nucleon transfer reactions 101Ru(p, d)100Ru and 99Tc(3He, d)100Ru the Iπ = 0+2
spin state was populated with negligible strengths [108]. However in the single
neutron stripping reaction measurement 99Ru(d, p)100Ru [109] the Iπ = 0+2 spin
state has a large cross section, but it has a relative large Coulomb excitation cross
section [111]. It must be noted that the nature of the Iπ = 0+2 spin state is still an
open question. The Iπ = 0+2 spin state was initially considered to be one of the two
quasiphonon triplet member states base on excitation energy arguments. However
the vibrational picture breaks down because both the experimemtal B(E2; 0+2 →
2+1 )/B(E2; 2+1 → 0+1 ) ratio and also the B(E2; 0+2 → 2+1 ) transition probability are
roughly two times smaller than the spherical phonon model predictions [110].

Van Isacker and Puddu attempted Interacting Boson Model (IBM)-2 calculations
but they failed to reproduced the level energies and B(E2; 2+1 → 0+2 ) values for
the Iπ = 0+2 spin state [111]. They suggested mixing of coexisting shapes resulting
from an intruder configuration to account for the properties of the Iπ = 0+2 spin
state. Similarly General Collective Model (GCM) calculations were performed by
Troltenier et al their results predicting a coexisting spherical ground and a triaxial
deformed (β, γ) ∼ (0.42, 240) Iπ = 0+2 spin state [112]. According to Van Isacker
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and Puddu an intruder state can arise due to proton 2p-2h excitations across the
Z = 50 closed shell, as in the case of the Cd isotopes. The interaction of the
additional proton 2 valence particles and 2 valence holes with the neutrons in the
open 50-82 shell and the gain in the correlation energy results in the appearance
of the deformed rotational-like band in the low-excitation energy region [113].

Transitions from this structure to the ground state band are forbidden or strongly
retarted unless there is configuration mixing. In such a case a strong electric
monopole transition strength ρ2(E0; 0+2 → 0+1 from the Iπ = 0+2 spin state to
the ground state is expected. Woods et al., [114] reported large absolute ρ(E0)
strength values ρ2(E0; 0+2 → 0+1 ) ∼ 53×10−3−185×10−3 for nuclei in the A ∼ 100
mass region with a very large value of ρ2(E0; 0+2 → 0+1 ) ∼ 120 × 10−3 for 102Mo
where the Iπ= 0+2 spin state at 697 keV excitation energy is attributed to shape
deformation [113]. In 100Ru a relatively weak electric monopole reduced transition
probability with a strength of ρ2(E0; 0+2 → 0+1 ) ∼ 6.1 × 10−3 was reported for
the Iπ = 0+2 spin state [114]. This result suggests very little mixing between the
spherical ground state and the assumed deformed Iπ = 0+2 spin state or there must
be small differences between their radii.

It is presently proposed that the Iπ = 0+2 spin state has a non-collective origin,
this claim is based on the electric quadrupole reduced transition probability B(E2,
2+1 → 0+2 ) strength which was extracted from a double E2 Coulomb excitation
measurement reported McGowan et al., [110]. They reported an upper value of
B(E2, 2+1 → 0+2 ) ≤ 2.3 ×102e2fm4 which is in agreement with the single particle
strength estimate B(E2, 2+1 → 0+2 ) ∼ 2.56 ×102e2fm4 obtained from the B(E2)s.p
= (e2/4π)|3/5R2

0|2 relation where R0 = 1.2 × A1/3 fm. This structure may be
interpretated as a proton pairing isomer, which is a seniority zero two particle-two
hole shell model state that is formed when there exists a steep oblate upsloping
high-Ω Nilsson orbital close to the Fermi surface. The features of a neutron pairing
isomer as recorded in the actinide region [45, 46] shows a strong (p, t) population
strength, with large differences between its (p, t) and (t, p) reaction population
strengths.

The first evidence in support of the proton pairing isomer claim is that the proton
Fermi surface there exist a few downsloping prolate Nilsson orbitals on which the
ground state is built. There is also a steep upsloping oblate high-Ω Nilsson [404]
9/2+ orbital extruded to the Fermi surface by the deformation see Fig.9.1. This
orbital originates from the πg9/2 shell model level, it was previously identified in
99,100Zr[50, 115] and recently in 97Sr [116] where it stabilizers the large prolate
deformation for N∼ 60 nuclei. The second piece of evidence is the relatively large
two proton stripping reaction strength value of ∼ 37.71(8) with respect to the Iπ

= 2+1 spin state which was found in the present measurement.

Apart from the proposed proton pairing isomeric state at 1130 keV excitation
energy. The two neutron pick-up 102Ru(p, t)100Ru [103] results suggest that the
Iπ = 0+3 spin state at 1742 keV excitation energy may be a neutron pairing isomeric
state, since it is populated with a strength of ∼ 12.9% relative to the ground state
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strength. If true it will be the first nucleus, according to our knowledge, that has
both proton and neutron pairing isomers.

6.2 150Sm

Abdulvagabova, Ivanova and Pyatov [117] suggested that pairing isomers should
not only be confined to the actinides isotopes but should also be a feature in other
mass regions. Like for instance the shape transitional region of A ∼ 150. This
region is at the start of a major neutron shell where down-sloping prolate orbitals
predominate. While the oblate levels have a lower density of upsloping trajectories
on the prolate side of the Nilsson diagram (see Fig 9.1). One example of a steep
upsloping oblate high-Ω Nilsson orbital that is close to the neutron Fermi surface
is the ν[505]11/2− level that comes from the 1νh 11

2
shell model level. Peterson and

Garret [118] found that this orbital has a occupational probability of V 2 > 0.5 and
a reduced off-diagonal pairing matrix element with nearby prolate orbitals that can
result in the formation of pairing isomers, such states were recently found in the
N=90 154Gd [50] and 152Sm [51] isotones. In addition this orbital was recently
identified in 155Gd [119] where it is Pauli blocked and thereby preventing the Iπ

= 0+2 spin state in the core 154Gd nucleus to couple with it.

It is probable that the Iπ = 0+2 spin state in 150Sm is also based on the ν[505]11/2−
orbital since this nucleus has N=88 neutrons which is only two neutrons fewer
than the total amount of neutrons found in 152Sm. The Iπ = 0+2 state shows un-
usual properties, namely it has an enhanced two neutron pick-up reaction 152Sm(p,
t)150Sm strength of ∼ 82%, and a two neutron stripping reaction 148Sm(t, p)150Sm
strength of ∼ 25% relative to the ground state [30]. It is weakly populated in
single-nucleon transfer reactions [120] and was not observed in the present two
proton stripping 148Nd(3He, nγ)150Sm measurement as well as in the measurement
reported by WP. Alford et al [80]. Apart from the aformentioned problems the
population of a proton Iπ = 0+2 spin state is not supported by the current pair
isomer hypothesis because of the non-availability of a steep upsloping oblate high-
Ω Nilsson orbital that is close to the proton Fermi surface. Further, there is a
weak electric monopole ρ2(E0; 0+2 → 0+1 ) ∼ 18(2) × 10−3 transition [114]. An
even smaller electric monopole transition of ρ2(E0; 0+2 → 0+1 ) ∼ 0.7(0.4)× 10−3

has been reported for the Iπ = 0+3 neutron pairing isomeric state with 1083 keV
excitation energy in 152Sm [50].

It was initially suggested that the strong two neutron pickup reaction strength (p,
t) to the Iπ = 0+2 spin state may be explained in terms of mixing and coexistence of
a spherical ground and a β deformed Iπ = 0+2 spin state [106]. A set of properties
was suggested by Garret [122] for the Iπ = 0+2 spin states belonging to the rare
earth nuclei near N = 90 should have in order for them to qualify as β vibrational
states. Enhancements in the interband B(E2; 0+2 → 2+1 ) values of between 12 -
33 W.u. or conversely B(E2; 2+1 → 0+2 ) values of between 2.5 - 6 W.u. should
exist. Further there must be a large reduced electric monopole decay strength
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ρ2(E0; 0+2 → 0+1 ) value of between 85 × 10−3 to 230 × 10−3 from the β vibrational
band head to the ground state. There must be closely-spaced rotational spin
states with enhanced electric quadrupole transitions probabilities connecting the
band members which are built on the β-deformed state. In addition enhancements
are also expected in its inelastic electron scattering and Coulomb excitation cross
sections, while no such effects are expected in its single and two-nucleon transfer
reactions strengths [124, 125]. An examination of the listed properties does not
support the idea that the Iπ = 0+2 spin state at 740 keV excitation energy is a β
vibrational state.

It is proposed that the Iπ = 0+2 spin state is base on a neutron two particle-
two hole configuration also known as a pairing isomeric state. This is based on
the large asymmetry in the two-neutron transfer reaction population strengths,
the large two-neutron pickup reaction strength, the small single-neutron transfer
reaction population strength, the availability of the steep upsloping oblate high-
Ω Nilsson ν[505]11/2− level at the neutron Fermi surface. This orbital is a polar
orbital, its energy increases as a function of deformation and it has a large negative
static intrinsic quadrupole moment compared with the strong down-sloping prolate
orbitals around the Fermi surface.

Peterson and Garret [119] reported that the off diagonal pairing matrix elements
Gop = G0 − G2|qvoqvp |, that correlate the movement of a neutron pair from a
prolate to the oblate ν[505]11/2− Nilsson level is much smaller than the matrix
elements which pairs of particles moving in Nilsson states showing the same sign
of the intrinsic quadrupole moment Goo ≈ Gpp = G0 + G2|qvo |2 � Gop. Hence
it is possible to distinguish between two groups of single-particle states which are
almost completely uncoupled from each other. The Iπ = 0+1 ground state which is
predominately based on the orbitals with positive values of the quadrupole moment
and the Iπ = 0+2 spin state which is based on two-neutrons that move in the steep
upsloping oblate high-Ω Nilsson ν[505]11/2− level.

Lastly if the two Iπ = 0+ states were due to shape coexistence and mixing, then
the ratio of their populations would depend only on the mixing and would be
the same for two neutron and two proton stripping or pick-up reactions, which is
clearly not the case.

6.3 Summary and Conclusion

The aim of this work was to investigate the intruder state hypothesis that was put
forward by P. van Isacker and G.Puddu in order to account for the small B(E2, 2+1
→ 0+2 ) values that was found for the the Iπ = 0+2 spin state of 100Ru. Although a
strong L = 0 proton pair transfer transition to the Iπ = 0+2 spin state was observed
and shell model calculations indicates that the latter spin state has a dominated
proton pair character. It was not possible to associate it with an intruder state,
since its properties does not match does of an intruder state. For example this
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nucleus does not have a proton shell closure etc. Based on its other observed
properties this structure was further interpreted to be closely associated with a
proton pair isomer, meaning pair isomers are more widespread than previously
believed. This result is not only limited to the field of nuclear structure research
but can also be used to better understand the nature of the anti-neutrino is it a
Dirac or a Majorana particle once 0ν2β-decay is discovered. It is not possible to
draw any conclusions for the Iπ = 0+2 spin state of 150Sm, since technical problems
were experienced during the measurement.

Another interesting result was the observation of strongly populated low-lying
yrast spin states up to ≤ Iπ = 8+1 for both nuclei. These were suggested to be
caused by multistep reaction mechanismes, however this hypothesis is not sup-
ported by coupled channels code calculation results. Even statistical model codes
calculation results indicates that the single neutron exit channels should be pop-
ulated very weakly. However the GEANT4 NE102A plastic scintillator detectors
efficiency simulations indicates large efficiencies for the most probable neutron
emission energies that originates from the 1n exit channel. Based on the latter
information it is concluded that the strongly populated low-lying yrast spin states
are due to fusion evaporation.

6.4 Future Work

The main deficiency of this work was the lack of target thickness and beam current
information as well as the Iπ = 0+1 ground state was not directly being measured
the latter needs to be determine as well as the experimental NE102A plastic scin-
tillator detectors efficiencies.
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Figure 6.1: Nilsson single particle energies levels versus quadrupole deformation. The
illustration depicts the scattering of a proton pair out of a ground state orbital into the

π[404]9/2+ level giving rise to the Iπ = 0+2 state.
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