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Abstract

An investigation into the resonances in the γ-ray strength functions of 152,153Sm has been
performed. The nuclear level density and γ-ray strength function for 152Sm below the neutron
separation energy has been obtained for the first time. The nuclear level density and γ-ray
strength function for 153Sm has been investigated closer to the neutron separation energy, than
in any previous experiments.

At the Oslo Cyclotron Laboratory, a deuteron beam of 13.5 MeV was shot at a target of 152Sm,
enabling the study of the 152Sm(d,d′)152Sm and 152Sm(d,p)153Sm reactions. By using the Oslo
method, level densities and γ-ray strength functions were extracted from a primary-γ matrix for
both 152Sm and 153Sm. The role of spin distribution in the normalization procedure was studied
and found to have a great impact on the resulting level densities and γ-ray strength functions.
The obtained γ-ray strength functions were fitted to external data and the resonance parameters
for the pygmy dipole resonance, the scissors resonance and the low energy enhancement was
determined.

This work revealed a scissors resonance and a possible pygmy dipole resonance in 153Sm, in
addition to a low energy enhancement and a possible scissors resonance in 152Sm. The B(M1)SR
values were extracted for both nuclei and compared to previous findings for deformed samarium
isotopes.
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Chapter 1
Introduction

"The atomic nucleus is the playground of quantum mechanics and is probably the most complex
system in the whole of physics. The richness of phenomena and variety of structure within atomic
nuclei is such that no single theoretical model can describe all nuclei."

-J.S. Al-Khalili, Nucl. Phys. A751, 469 (2005)

In the 5th century BCE, the idea of the atom was, for the first time, put forward by the
ancient Greek philosophers Leucippus and Democritus. The philosophers were intrigued by the
threefold nature of water and its ability to transform to ice or vapor, and then back again to
water. From this, they conceived of a fundamental object in all matter that is intrinsically
unaltered by processes like freezing or boiling. The atomic theory was formed, proposing that
nature consists of only atoms and void. The atoms, meaning uncuttable in Greek, were thought
to be indivisible and able to combine together into different formations, making up everything
we see around us. Democritus stated that “The first principles of the universe are atoms and
empty space; everything else is merely thought to exist.”

The atomic theory was disregarded by Democritus’ successors and forgotten about until
Greek philosophy had its renaissance in the 1500s, with scientists and philosophers like Galileo
Galilei and René Descartes subscribing to the atomist idea.

In 1808, John Dalton was summarizing experimental work that had found evidence of the
different elements making up matter. In compiling the evidence, he saw that distilled water
was found in all the works to consist of the same elements, hydrogen and oxygen, in the same
proportions by weight. He stated that "Therefore we may conclude that the ultimate particles of
all homogeneous bodies are perfectly alike in weight, figure, etc. In other words, every particle of
water is like every other particle of water; every particle of hydrogen is like every other particle
of hydrogen, etc."

By the end of the 1800s, chemists had made several early versions of a periodic table, where
elements were defined as atoms with identical masses. This was thought by many physicists to be
an incomplete picture. They observed phenomena that could not be explained by this simplistic
model, but that indicated that the atom had an inner structure.

In 1911, Ernest Rutherford was the first to provide evidence for the existence of an atomic
nucleus [1]. Twenty years later, James Chadwick affirmed the existence of neutrons in the nucleus
[2]. During the past 100 years, the atomic nucleus has been the subject of extensive research,
but much remains unknown.

The nucleus is composed of positively charged protons and, slightly heavier, neutral neutrons.
Protons and neutrons consists of quarks and gluons and are bound by the strong force. The
nucleons in a nucleus are bound together by residuals of this strong force. In the shell model it is
assumed that the nucleons move freely in an attractive potential that they generate themselves.
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Figure 1.1: The Sm isotopic chain from 144Sm to 155Sm. The nuclei have a color code that is
scaled to deformation. The calculated β2 values (quadrupole deformation of the nuclear ground-
state) is from Ref. [3].

Governed by the laws of quantum mechanics, this makes the nucleus a complicated many-body
system, difficult to describe with simple models. Due to this complexity, there still remain open
questions about the nucleus’ structure and properties.

All nuclei have a structure of different energy states, consisting of a lowest-energy or ground
state, and a number of excited states. The shell model describes the nucleus as a harmonic
oscillator plus a spin-orbital coupling. The spin-orbit coupling modifies the energy structure of
the harmonic oscillator to induce large gaps between certain configurations. These configurations
are called nuclear shells, which, when filled with neutrons and protons, are very stable. The
numbers of nucleons that is needed to fill the individual shells are called the magic numbers.
As nuclei become heavier, the shell model will need to be modified in order to describe magic
nuclei or near-magic nuclei. As the number of valence nucleons increases, nuclei become harder
to explain by the single-particle model. The excess of nucleons polarizes the core and makes
the nuclear mass distribution deformed. As this deformation arises, the single-particle orbitals
are split into even more orbitals. The energy level scheme then becomes very intricate, and
transitions between levels take on new properties. Deformation is typically denoted in form
of the β2 parameter, related to the eccentricity of the deformed shape, which goes from 0 in
spherical nuclei to ≈ 0.3 in well-deformed nuclei.

The number of nuclear energy states increases exponentially with the excitation energy of
the nucleus, eventually reaching an energy region where levels start to overlap. In this region
it is no longer feasible to investigate discrete level- and γ transition properties, and the nucleus
is best described by average properties. The level scheme of the nuclei is then described in the
terms of nuclear level density. The average properties of γ transitions are described by the γ-ray
strength function.

The shape of the γ-ray strength function is correlated to the deformation of the nucleus. In
deformed nuclei, collective modes of excitation appear that are not observed in spherical nuclei.
These collective excitations lead to an enhanced γ-ray strength at certain energies, which is ob-
served as resonances in the γ-ray strength function. For most nuclei, the γ-ray strength function
in the energy region above the neutron separation energy (Bn) is dominated by the strength
of the Giant Dipole Resonance (GDR) [4]. The GDR can be interpreted as the neutron and
proton distributions oscillating against each other [5]. On the low-energy tail of this resonance,
smaller resonances become apparent. For the description of the γ-ray strength function in this
region there are three resonances that could come into significance, namely the Pygmy Dipole
Resonance (PDR) [6], the Scissors Resonance [7] and the Low Energy Enhancement [8], also
known as the upbend. These resonances will be introduced in more detail in Chapter 2.

The rare-earth element samarium is illustrative for the onset of deformation along isotopic
chains and the evolution of average properties as nuclei become deformed. As shown in Figure 1.1,
the chain of Sm isotopes exhibits a shape transition from the spherical 144Sm, with the magic
number of 82 neutrons, to the well-deformed nucleus 154Sm. Samarium is in a unique position to
be probed as it is one of very few isotopic chains consisting of a stable, magic nucleus, as well as
a high number of stable, well deformed nuclei. With the many stable isotopes along the chain,
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Figure 1.2: Ratios for neutron-capture rates σ with and without the inclusion of resonances along
the Sm isotopic chain. The ratios are calculated for temperatures T = 0.15 and 1.0 GK. [9].

a lot of experiments can be performed on samarium. This makes it possible to paint a better
picture of this element, than of most other elements.

This work aims to investigate the samarium isotopes 152Sm and 153Sm and extract the nuclear
level densities and γ-ray strength function of these nuclei. We will study the three resonances
mentioned above, particularly, the scissors resonance and its correlation to deformation.

The Oslo Nuclear physics group has performed extensive work in mapping these resonances
for different nuclei using the Oslo method [10, 11]. The Oslo method is unique in providing a
way to simultaneously extract the nuclear level density and the γ-ray strength function. The
method finds these functions for energies below the Bn, providing data in an energy region which
is otherwise difficult to investigate. The results from detailing these resonances below Bn can
have great consequences for nucleosynthesis calculations.

Nucleosynthesis is the process by which elements are formed in stars, and the term covers
all the different processes involved in forming elements. Light nuclei and isotopes all the way
up to iron can be formed by fusion. But in the mass region of iron, the nuclear binding energy
per nucleon start decreasing and fusion can no longer explain the formation of new isotopes.
Among the mechanisms contributing to forming elements above this iron peak, the r- and s-
processes (rapid- and slow- neutron capture) are the main processes [12], each responsible for
∼50% of heavy elements. Neutron capture and beta decay play the largest part in the two
processes. By learning at what rate neutrons are captured by different nuclei, we can model how
the nucleosynthesis moves up the nuclear chart and forms new isotopes. Nuclear level densities
and γ-ray strength functions are essential input in neutron-capture cross section calculations and
including resonances in the γ-ray strength function could impact the results of the calculations
in varying degree.

A recent publication by Simon et al. [9], investigated for the first time the nuclear level density
and γ-ray strength function for deformed Sm-isotopes. The article studied 151Sm and 153Sm and
made the first observations of an upbend and a scissors resonance existing in the same nuclei.
In addition, the samarium isotopes are the heaviest and most deformed nucleus that the upbend
has been observed in so far.The search for these resonances in the current work is motivated in
part by the interesting observations made in the article.

In Ref. [9] the effect of including the scissors resonance and the low energy enhancement
in neutron-capture rates is demonstrated. Figure 1.2 is taken from the article and illustrates a
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clear effect when plotting ratios of neutron-capture rates including the resonances divided by the
reaction rates without them. If the scissors resonance and upbend found in the article also exist
in neutron-rich Sm-isotopes, it could have a high impact on neutron-capture cross sections.

At the time of the publication of Ref. [9], Schwengner et al. [13] were performing shell-
model calculations showing a correlation between the upbend and the scissors resonance. The
authors show the upbend to be very prominent in spherical nuclei, but that the strength is then
distributed towards the scissors resonance as nuclei become more deformed. In the calculations
performed, it is found that the summed strengths of the two resonances remain approximately
constant, yielding a so-called bimodal structure. The findings in Ref. [9] is used in the article as
a confirmation that the two resonances can exist in the same nucleus.

In this work we want to investigate 152Sm for the first time using the Oslo method and we
want to investigate 153Sm at energies closer to the neutron separation energy, than in previous
experiments. Results will reach energies where the PDR has previously been observed. Therefore,
there is a possibility to detect the pygmy resonance as well as the scissors resonance and the
upbend, if they do indeed exist in these nuclei. If all three resonances are observed in the same
nucleus, it would be for the first time and the inclusion of the pygmy resonance in subsequent
calculations could enhance the effect shown in Figure 1.2.

This thesis is organized in the following way: Chapter 2 dedicated to relevant theoretical
concepts, and the experimental efforts made in investigating these concepts. Chapter 3 will give
the details of the experiment and the calibration procedure. In Chapter 4 the Oslo method will
be introduced and the nuclear level density, γ-ray strength function and the scissors resonance
will be extracted for 152,153Sm. Chapter 5 will discuss the results from the extractions, compare
them with results from other experiments, and try to conclude on the significance of the results.
Finally, in Chapter 6, the results are summarized and an outlook on future research will be given.
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Chapter 2
Average properties of nuclear states

In the following, an overview of average properties of nuclei will be given. The focus will be on
both theoretical and experimental results. The concepts covered are the nuclear level density, the
γ-ray strength function, and three different resonances in the γ-ray strength function, namely
the scissors resonance, the pygmy dipole resonance and the low energy enhancement.

2.1 Nuclear level density

As excitation energy increases in nuclei, the number of levels per energy bin increases, and at a
certain energy the levels will begin to overlap. Finally, the levels will overlap continuously. We
categorize these three regions of level density as the discrete region, the quasi-continuum and
the continuum. Figure 2.1 illustrates how, as the excitation energy increases, the level spacing,
D, decreases and the width of the states, Γ, increases. Γ is found from the uncertainty principle,
∆E∆t = h̄

2 , to be inversely proportional to the lifetime of the state, Γ = h̄
τ . Γ will naturally

increase with energy as more and more decay channels open.
Different models are used to predict level densities in various energy regions. The first level

density model proposed was the Fermi Gas Model (FGM) by Bethe [15] in 1936, based on the
theory of Fermi statistics. It models the nucleus as a gas consisting of non-interacting fermions.
From Fermi statistics a level density function for excitation energy E can be obtained:

ρ(E) =

√
π

12

exp(2
√
aE)

a1/4E5/4
, (2.1)

with the level density parameter a. This description predicts that the level density increases
exponentially with

√
aE. The model is the most typically used level density expression. However,

the model does not account for effects like collectivity, shell effects and pairing. Pairing effects
stem from nucleons binding together in pairs when possible, making even nuclei more bound
than odd nuclei. The even nuclei are typically bound by ≈1 MeV more than odd nuclei, and this
energy is called the pairing gap, denoted by ∆.

To model the nuclear level density for all excitation energies, the FGM is often combined with
the Constant Temperature Model (CT). The CT typically models energies up to 10 MeV, and
the FGM for the higher energies. The Constant Temperature Model was introduced by Gilbert
and Cameron [16] in 1965. Based on experimental studies, the authors of Ref. [16] described the
number of levels per excitation energy as follows

N(E) =exp(
E − E0

T
), (2.2)
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Figure 2.1: A thought level scheme as excitation energy increases, denoting the discrete region,
quasi-continuum and continuum. Γ is the width of the states and D is the level spacing. Figure
is a modified version of Ref. [14].

where T is the nuclear temperature and E0 is the energy-shift parameter. A total level density
is then found by

ρ(E) =
dN(E)

dE
=

1

T
exp(

E − E0

T
). (2.3)

In the Back-Shifted Fermi Gas Model (BSFG) [17], the FGM is modified by treating the
energy shift and level-density parameter as free parameters. This gives

ρ(E) =
1√
2πσ

√
π

12

exp(2
√
aU)

a1/4U5/4
, (2.4)

for the total level density, where U = E −∆ and ∆ is the pairing gap energy.
Another model suggested is the Generalized Superfluid Model (GSM) [18] which is based

on Bardeen-Cooper-Schrieffer theory and considers superconductive pairing correlations when
determining level densities. This model describes the nuclear level density at high excitation
energies by the FGM and at low energies with superfluid behaviour.

Other microscopic calculations aiming to describe the nuclear level density include the Hartree-
Fock-Bogoliubov (HFB) plus combinatorial model by Goriely et al. [19] and the temperature-
dependent model by Hilaire et al. [20]. In calculating cross sections with for example the reaction
code TALYS [21], all of the methods mentioned above are possible to implement.

Also, the numerical shell-model Monte-Carlo approach is used for nuclear level density [22–
24]. In addition, large-scale shell-model (SM) calculations have been performed by the Oslo
group, amongst others, exploring level densities [25].

To measure the nuclear level density experimentally, there are several methods developed for
different excitation energy regions. A method for measuring the nuclear level density above ≈
5 MeV uses high-resolution studies of the E2 and M2 giant resonances [26]. Below the neutron
separation energy a method has been developed that extracts the nuclear level density from
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evaporation spectra using Hauser-Feshbach modeling [27]. The Oslo nuclear physics group has
successfully extracted the nuclear level density from primary γ-ray matrices below Bn using the
Oslo Method [11].

2.2 γ-ray strength function

The probability for γ decay between two nuclear quantum states, m, is determined by the matrix
element of the multipole operator. The multipole operator, m(XL), has the property of changing
the wave function of the nucleus from its initial state to its final state, while instantaneously
creating a photon to be emitted [28]:

mfi =

∫
ψf
∗m(XL)ψidν (2.5)

The photon created has multipole order L, the energy corresponding to the energy difference
between the initial and final state, and parity following the selection rules, see Ref. [28]. The
photon could either be of electric or magnetic nature: X = E or M . The electromagnetic nature
of the radiation can be determined by finding the relationship between the axis of the nucleus,
the direction of the photon being emitted, and the electric field E of the radiation [28]. Decay
in the form of γ radiation can then have an E1,M1, E2,M2, E3 etc. characteristic. However,
the probability for higher multipole order decay decreases by the order of the multipolarity [28],
and most γ ray cascades are dominated by E1, M1 and E2 radiation.

The strength of transitions for γ rays of certain energies is directly related to the transition
probability and is expressed in a function called the γ ray strength function. A definition of the
γ-ray strength function for radiative decay was first given by Bartholomew et al. [29] in 1973
and the following is a re-write of Eq.(1.1) and (2.2) in that chapter:

fXL(Ei, Eγ , J, π) =
〈ΓXLγ (Ei, Eγ , J, π)〉

E2L+1
γ

ρ(Ei, J, π), (2.6)

with XL denoting the electromagnetic character of either X = E or M and the multipolarity L.
Ei is the initial excitation energy, Eγ is the transition energy, J is the spin for levels within the
considered energy bin Ei and π is the parity 〈Γγ(Ei, Eγ , J, π)〉 is the average partial radiative-γ
width.

The transmission coefficient TXL(Eγ) can be defined in terms of the γ-ray strength function
by

TXL(Eγ) = 2πE2L+1
γ fXL(Eγ) (2.7)

Following Fermi’s Golden Rule and the principle of detailed balance, the γ-ray strength
function for γ decay and photo-absorption correspond to each other. The absorption strength is
given by [3]:

fXL(Eγ) =
1

(2L+ 1)(πh̄c)2

〈σXL(Eγ)〉
E2L+1
γ

, (2.8)

where 〈σXL(Eγ)〉 is the average photo-absorption cross-section summed over all spins of the final
states.

Shell-model calculations have calculated the M1 and E2 component of the γ-ray strength
function [13, 30–32], while the quasi- particle random phase approximation (QRPA) method has
calculated the E1 part of the strength [33]. Recently, large-scale shell-model calculations have
been performed on the γ-ray strength function [25].

The experimental method that has provided the majority of data on the γ-ray strength func-
tion is photo-absorption measurements [3]. However, these measurements cannot extend below
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the neutron separation energy and other methods are needed to probe this energy region. A
few methods have successfully performed measurements below Bn, e.g., the Nuclear Resonance
Fluorescence method (NRF) [34], the Two-Step Cascade method (TSC) [35], a method using
polarized proton scattering [36] and the Oslo Method [11]. The Oslo Method is unique in pro-
viding a method for simultaneous extraction of the nuclear level density and the γ-ray strength
function in the quasi-continuum.

2.3 Resonances

The shape of the γ-ray strength function can be described in terms of different resonances
originating from phenomena in the nucleus. In the following, three resonances observed on the
tail of the GDR, namely the scissors resonance, the pygmy dipole resonance, and the low energy
enhancement, will be expanded on.

2.3.1 The scissors resonance

Very often, experimental observations of the γ-ray strength function have lead to theoreticians
putting forward models trying to explain the observation, like in the case of the GDR [5]. How-
ever, in a few cases, theoretical models have been suggested predicting the shape of the strength.
This is the case for the M1 scissors resonance, which was predicted theoretically before it was
discovered experimentally.

In 1975, Bohr and Mottelson [37] presented a model describing low-energy collective modes
in the form of density oscillations of the nucleus. A standard form for the magnetic dipole
operator, m(M1), was derived within the model. This model has been the starting point for
theorists aiming to describe M1 collective excitation modes.

In 1978 Iudice and Palumbo [38] expanded on the Bohr-Mottelson model and presented the
idea of a two rotor model (TRM) which should result in a prominent M1 mode. The model
proposes that deformed neutron and proton distributions can move in phase (isoscalar) or out
of phase (isovector). In the isovector motion, the protons and neutrons are bound by a restoring
force and oscillates against each other in a scissor-like fashion.

Iachello [39] further built on this idea, introducing the Interacting Boson Model-2 (IBM-2).
The nucleus is by definition an interacting fermion system, but it is possible to formulate an
algebraic model which treats two-proton pairs and two-neutron pairs as bosons. The IBM2-2
describe valence nucleons acting as bosons and oscillating independently of the core. The typical
form for the M1 operator within this model, as presented by Heyde et al. [7], is then

mF (M1) =

√
3

4π

∑
i

[gl(i)l̂i + gs(i)ŝi]µN (2.9)

in fermion space, and has its image in boson space:

mB(M1) =

√
3

4π
(gπL̂π + gνL̂ν)µN , (2.10)

Here, gl and gs are the fermion orbital and spin g factors, and gπ and gν are the proton and
neutron boson g factors. The l̂i and ŝi denote the angular momentum operator and the spin op-
erator, while L̂π and L̂ν are the orbital angular momentum operators for the separate proton and
neutron boson systems. Finally, µN = eh̄/2mpc is the nuclear magneton. Equation 2.9 reveals
how the M1 operator consists of a spin component and an orbital component. Equation 2.10
indicates how the neutrons and protons act as two separate, rotating, mass distributions.

In 1982, Y.Chen and Leander [40] developed the idea of the two particle rotor leading to
strong M1 transitions in high-j orbitals of deformed nuclei. Nuclear orbitals are filled according
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Figure 2.2: (a) The microscopic description of the scissors resonance [41] and (b) the macro-
scopic description [42]. The microscopic description illustrates transitions within high-j orbitals,
denoted with the quantum number Ω, and the effect of deformation, here denoted by ε2. The
illustration for the macroscopic description includes the new collectivity proposed in Ref. [42].

to 2j+1, with j being the total angular momentum j = l + s of the orbital, s being spin and
l being angular momentum. In deformed nuclei, the total angular momentum j is split into
components, Ωi, along the symmetry axis. An orbital in deformed nuclei can be denoted in
terms of the four quantum numbers N, j, l,Ω, where N is the main oscillator quantum number,
which denotes the parity of the shell.

Transitions within high-j orbitals from l → l ± 1 are of multipolarity M1 and in deformed
nuclei, the energy difference between the orbitals typically correspond to twice the pairing gap
2∆≈ 2-3 MeV. It was concluded that this could contribute to an enhancement in the γ-ray
strength function around ≈ 2-3 MeV. In Figure 2.2a this microscopic description of the scissors
resonance is illustrated.

Richter [41] describes how the spin part of Equation 2.9 has been found to relate to nuclear
single particle properties and the orbital part to nuclear collective properties. The orbital part of
M1 transitions emerges as the splitting within j orbitals occurs, which is as deformation arises,
illustrated in figure Figure 2.2a. The spin part of the operator contributes to an enhancement
at about 6-8 MeV and is known as the spin-flip mode. The spin-flip resonance is believed to be
due to transitions between j shells of the type (j = l + 1

2)→ (j = l − 1
2).

Recently, an article was published presenting the theory of a split scissors resonance [42]. The
authors find that the scissors resonance consists of an orbital part(the established description)
and a spin-orbital part where spin-up-nucleons oscillate against spin-down-nucleons in a scissors-
like motion. Based on numerical calculations, the authors find that the strongest part of the
split resonance actually stems from the spin-orbital motion. The two collective motions causing
the splitting, are illustrated in Figure 2.2b alongside the established microscopic description.

2.3.2 Experimental findings in the search for the scissors resonance

The theoretical models proposed in the late 1970’s inspired an experimental search for the pre-
dicted M resonance. Researchers performed different experiments in the search, such as electron
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Figure 2.3: γ-ray spectrum of 161Dy alongside the appearance of a low lying M1 mode in 156Gd
[44] [45].

scattering (e,e′), proton scattering (p,p′) and (γ,γ′) (NRF) reactions [41, 43]. At the same time,
the Oslo group preformed studies investigating transitions between excited states in the quasi-
continuum.

In quick succession in 1984, Guttormsen et al. [44] and Bohle et al. [45] found the first
experimental evidence of a low-lying mode for the 161Dy and the 156Gd nuclei, respectively. In
Ref. [44] results are presented revealing a peak at around 2 MeV, believed to stem from M1
transitions between high j-orbitals. However, the Oslo method does not permit distinction of M1
and E1, so the experiment could not determine the electromagnetic character of the mode. In Ref.
[45], an electron scattering experiment was performed, populating the scissor resonances of 156Gd
and 158Gd. The two figures in Figure 2.3 show the results from the ground-breaking experiments.
From NRF experiments, the scissors resonance was early shown to correlate strongly with the
deformation of the nucleus [46], and also looked to be stronger for even-even nuclei than for
even-odd nuclei [47]. The earliest findings from NRF experiments for even-even nuclei are shown
in Figure 2.4, taken from Ref. [48]. The figure plots reduced transition strength, which will
be explained in the following section, vs neutron number. In Refs. [9, 49–57], actinides and
rare-earth elements have been studied using the Oslo method. The results show the emergence
of the M1 mode in accordance with deformation, and reveal that the resonance appears to split
in several actinides. The strength of the resonance is measured to be about twice as strong for
the actinides as for the rare earth isotopes.

As an example of the progress made in examining rare earth isotopes using the Oslo method,
Dy data is shown in Figure 2.5. From 160Dy to 164Dy all the data show a resonance at 2.5
MeV-3 MeV. Other rare earth isotopes examined using the same approach, are Er, Yb, Sm and
La found in Refs. [9, 49–51, 56]. In Figure 2.6, an example of scissors resonance data for the
actinide region found using the Oslo method is shown. Here as well, the scissors resonance is
prominent, and show a tendency of a splitting of the scissors resonance. These data were used
to support the numerical findings about the split scissors resonance in [42].

2.3.3 Reduced transition probability, B(M1)

Depending on the type of experiment performed, researchers are able to measure the same
phenomena, but often describe the findings in different terms. From the Oslo method, the
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Figure 2.4: Reduced transition strength for even-even rare earth nuclei in the energy range of
the scissors mode [48].

scissors resonance is found in the γ-ray strength function, however not all types of experiments
provide the same parameters. In NRF experiments in Ref. [48] the scissors resonance is described
with a summed strength of the resonance, namely the B(M1) strength. B(M1) is the reduced
transition probability for magnetic dipole transitions, measured in units of µ2

N . The NRF method
determines the multipolarity of γ transitions as well as distinguishing the spin or orbital character
of the transitions. Therefore, the method can find which transitions belong to the scissors
resonance and sum the different transition strengths. It is also important to note that in NRF
experiments, the particular case in which the scissors resonance is built on the ground state is
measured. The Oslo method measures γ decay within the quasi-continuum, revealing the scissors
resonance built on excited states.

In order to compare findings concerning the scissors resonance, the B(M1) strength has
typically been derived in Oslo results as well, by determining the shape of the resonance and
integrating over the distribution. To describe the scissors resonance the Standard Lorentzian
Model (SLO) has been used [3]:

fSLO(Eγ) =
1

3π2h̄2c2

σSLOEγΓE1,i

(E2
γ − ω2

SLO)2 + E2
γΓ2

SLO

. (2.11)

The B(M1)- strength is then found by integrating Equation 2.11 in an energy range of the
scissors mode, typically 1 - 4 MeV:

BSR =
27(h̄c)3

16π

∫
fSR(Eγ)dEγ . (2.12)

The strength of the SLO distribution can be quite accurately approximated by the analytical
expression

BSR =
9h̄c

32π2

(
σSRΓSR
ωSR

)
, (2.13)

where σSR is the peak cross section, ωSR is the energy centroid and ΓSR is the width of the
distribution.
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Figure 2.5: The scissors resonance, highlighted by green circles, found for 160Dy, 161Dy, 162Dy,
163Dy and 164Dy. Figure modified from [58].

A longstanding controversy in the field concern what appears to be large deviations in the
B(M1) strength. The B(M1) calculated from Oslo data have in general been higher, around
twice as high, as the B(M1) calculated from NRF experiments. This issue might have recently
been resolved. In a soon-to-be published article, Renstrøm [58] has investigated (γ,γ′)-data and
discovered that the scissors resonance strength in most of the published data have been evaluated
in a fixed excitation energy region ≈ 2.7 MeV-3.7 MeV. This is a much narrower energy region
than for Oslo-type experiments, and calculations performed which corrects for this difference
give similar strengths. This is shown in Figure 2.7.

In an article from 2013, Kroll et al. [60] presented some controversial results. In performing
multistep cascade (MSC) measurements [60] on the rare-earth elements Dy, Gd and Tb, the∑

B(M1) strengths were found. As shown in Figure 2.8, a clear odd-even effect is evident. The
odd nuclei have clearly stronger scissors resonances than the even nuclei. And in fact, for the
even nuclei, the strength does not increase with deformation, it decreases. Especially the even Gd
nuclei have surprisingly weak strengths, considering they are well-deformed nuclei. These results
are contradicting the findings of Refs. [46–48], which finds more strength in even-even nuclei. In
the article this is explained by a possible overestimation made for the odd-even strengths.

Measurements carried out at the HIγS [61] facility yield discrete level data and has been used
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Figure 2.6: The scissors resonance found for (a)231Th, (b) (c)232Th, and (d) 233Th. Panels
presents the γ-ray strength function in the region of the scissors resonance with the the GDR
extracted to reveal the features of the low lying resonance [59].

to measure B(M1) in the actinides [62]. The results revealed a two-component structure in 232Th
which had not previously been confirmed.

To summarize, experiments with varying approaches have confirmed the multipolarity, elec-
tromagnetic character and the dominating orbital character of the scissors resonance [7]. Findings
have shown the resonance is centered around 2-3 MeV in many deformed nuclei. However, ex-
periments also find the resonance to be weakly collective and perhaps interspersed with single
particle transitions. Calculations performed with the TRM show several deviations from ex-
perimental findings, and similar shortcomings are found for the IBM-2 [7]. There are indeed
many indications that perhaps the macroscopic description of the scissors resonance might be
outdated, and that the high j-orbital single particle transition could be the main contribution to
the resonance.

In this work, the scissors resonance will be investigated in the even-even isotope 152Sm, as
well as the even-odd isotope 153Sm. This gives an opportunity to test some established theories,
e.g. that even-even nuclei should yield a higher transition strength than the odd-even nuclei [48].

2.3.4 The pygmy dipole resonance

The pygmy dipole resonance was first described as an "anomaly" in the γ-ray strength function by
Bartholomew et al. in Refs. [8, 63]. Results yielded a systematic high intensity of γ rays around
5 to 7 MeV for several nuclei, measured from (d,p)-reactions and neutron-capture spectra. This
structure was later linked to an excess of neutrons in nuclei. A common macroscopic description of
the pygmy dipole resonance is a neutron "skin" oscillating against an isospin-neutron and proton
core by E1 transitions. However, a microscopical explanation which describe the resonance as
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Figure 2.7: Showing the effect on the B(M1) summed strength when considering the excitation
energy region evaluated. (a) shows the Oslo, TSC and MSC data integrated over 0- 10 MeV,
with the listed NRF data for the same nuclei. (b) shows the same data integrated in the energy
region 2.7- 3.7 MeV. Figure from [58], note the difference in scales on the axes.

caused by single- or few-particle transitions close to the Bn might be a valid description. The
PDR is typically described by the SLO in Equation 2.11. In Figure 2.9 preliminary results on
154Sm reveal a typical looking PDR in the photo-absorption cross section [64].

The addition of the resonance impacts the γ-ray strength function greatly because of its
proximity to the neutron separation energy in many nuclei. The influence of a PDR on neutron
capture cross sections has been shown to be significant [65].

To probe the PDR, experimental methods include studying the photo-response of isotopes
using tagged photons from the MUSL-1 superconducting electron accelerator [66–68] and per-
forming high-resolution small-angle inelastic proton scattering [64, 69]. By implementing the
Oslo method, the PDR has also been observed [70].

2.3.5 The low energy enhancement

As recent as in 2004, a low energy enhancement in the γ-ray strength function was reported on
for the first time using the Oslo method [6]. The resonance was observed at γ energies below
≈ 3 MeV and was not compatible with the established theories. The low energy enhancement
was confirmed for 95Mo in Ref. [71] using proton-γ-γ correlations. There existed at that time no
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Figure 2.8: The integrated scissors resonance strengths for the rare-earth isotopes Dy and Gd
found in Ref. [60].

Figure 2.9: Preliminary results revealing a PDR for 154Sm in photo-absorption cross section.
The PDR at around 6 MeV is highlighted in the red box. Figure modified from [64].

model to explain a low energy enhancement of the observed magnitude. Since the discovery of
the low energy enhancement (upbend), microscopic calculations have been performed in order to
determine the source of the resonance. In Ref. [13] calculations are made predicting an upbend
of M1 character. The article finds the resonance to stem from high- j orbitals. When broken
pairs of protons and neutrons recouple as Jf = Ji, Ji±1 and transitions occur between the initial
and final states it results in M1 transitions. On the other hand, thermal continuum QRPA [31]
calculations in Ref. [72] predict an E1 character of the upbend. In Ref. [73], 56Fe was studied,
and it was indicated that the upbend could be a mix of both components, with a bias towards
magnetic transitions in the energy region 1.5- 2.9 MeV.
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Until recently, the upbend had only been observed for masses A=90-100 and 138La, but has
now also been seen in 151,153Sm [9]. The upend has most recently been observed in 70Ni in
the article from Larsen et al. [25], and is shown in Figure 2.10. The upbend has been modeled
extensively, using shell model calculations [13, 25, 30, 32]. To model the upbend, the following
description based on shell-model calculations and empirical data for lighter nuclei can be used
[9]:

fUp(Eγ) = Cexp(−ηEγ) (2.14)

Experiments that have revealed the upbend have in large part implemented the TSC [6, 74] or
the Oslo method [6, 75]. The upbend has also been shown to impact neutron capture rates in
Refs. [9, 76].

Figure 2.10: The upbend observed in 70Ni [25].

20



Chapter 3
The experiment and data analysis

In this thesis data from an experiment that was carried out at the Oslo Cyclotron Laboratory in
April 2016, will be analyzed. In the following two sections, the details of the experimental setup
will be presented. In particular the detectors used during the experiment and the electronics
used for data acquisition will be detailed.

Before being able to extract useful information from the data, e.g., the nuclear level density or
the γ-ray strength function, all the detectors need to be calibrated. After successfully calibrating
the detectors we can produce a so-called coincidence matrix, which plots γ energy per excitation
energy, and is the starting point for the Oslo Method.

3.1 The Oslo Cyclotron Laboratory

Located in the basement of the physics building at the University of Oslo, is the Oslo Cyclotron
Laboratory (OCL). The laboratory was built in 1979 as the first cyclotron lab of its kind in
Norway. The research performed at OCL is mainly fundamental nuclear physics research with
applications toward medical therapy and astrophysics. The focus of the Oslo Nuclear Physics
Group has been on measuring statistical properties of nuclei, specifically nuclear level density
and γ-ray strength function. The layout of OCL is shown in Figure 3.1. In the inner most hall of
the laboratory, the MC-35 Scanditronix cyclotron is located, which produces a pulsed beam from
an ion source. In the inner hall and the experimental hall, auxiliary magnets and collimators
direct and focus the beam.

In this work the 152Sm(d,d’)152 and 152Sm Sm(d,p)153Sm reactions were investigated. A
deuteron beam with beam energy of 13.5 MeV and intensity ∼0.2 nA was shot at a target of
152Sm, placed in a target chamber. The 152Sm target was 98.27% enriched and self-supporting,
with thickness 2.9 mg/cm2.

At the experimental station used for this experiment, there are two detector set-ups sur-
rounding the target chamber. There is a ring of semi-conductor silicon strips called SiRi, which
detects charged particles, shown in Figure 3.2, and an array of NaI scintillators called CACTUS,
which detects photons, shown in Figure 3.3.

SiRi is made up by eight separated silicon chips, each consisting of one thick back detector
(1550 µm) and one thin front detector (130 µm) segmented into eight strips as illustrated in
Figure 3.2. The 64 silicon detectors form a ring covering the azimuthal angles 126° to 140° when
placed in backward angles, as in this experiment. SiRi has a solid-angle coverage of ≈ 6%. Each
of the thick E detectors has a surrounding guard ring to ramp down the voltage needed to make
sure the detector is fully depleted. In addition, there is a 10.5 µm aluminium foil placed in front
of the detectors in order to suppress δ-electrons.

CACTUS is a detector array consisting of 26 5in.×5in. NaI detectors, each placed around
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Figure 3.1: Setup at the Oslo Cyclotron Labratory [77]

(a) (b)

Figure 3.2: (a)The silicon ring SiRi at the OCL and (b) one segmented silicon chip of the SiRi,
showing the angles covered in backward angles [78].

the target at a distance of 24 cm, and each with a lead collimator of 10 cm [79]. The efficiency
is 14.1(1)% at Eγ = 1332.5 keV for the whole detector array.

3.2 Electronics

To record events with optimal time, particle- and γ energy information, a good data acquisition
system is essential. When a particle hits the ∆E or E detector (including its guard rings), an
energy signal is sent directly to a preamplifier of the type Mesytec MPR-16, placed as close
as possible to the detector to minimize noise. In this set-up there are five preamplifiers, one
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Figure 3.3: The CACTUS array at the OCL.

for the eight E-detectors and four for the 64 ∆E-detectors, covering 16 strips each. The signal
continues through a module of the type Mesytec STM-16 which includes spectroscopy amplifiers,
timing-filter amplifiers and a leading-edge discriminator with a set energy threshold. Finally the
signal is read into an Analog-to-Digital Converter (ADC) from CAEN (mod. 785) or Mesytec
(MADC-32) which gives the energy signal to be stored on disk.

The signals from the NaI- detectors are delayed by about 400 ns. This is due to the peak
in the photon spectrum at the coincidence time having a certain width, and that we want to
include the full distribution. The signal is read in an ADC giving the photon energy, and a
Time-to-Digital Converter (TDC) from CAEN (mod. 775) with a leading-edge discriminator to
give a coincidence time signal, which combined with the start signal from the particle detector
gives a time difference signal.

To start the acquisition of an event, a signal reaching the threshold in the discriminator of an
E detector will open a master gate for the ADCs for 2 µs and a gate for the TDCs lasting 1.2 µs.
A photon hitting one of the NaI-detectors within this time interval is read and closes the gate
for that single detector. That means that several photons hitting different detectors can pertain
to one event. However, background photons also hit the NaIs, and this has to be corrected for
in the offline data sorting procedure. The most frequent case of non-coincidence photons hitting
NaIs and creating false coincidences are photons from subsequent or previous beam bursts. If
no photon hits the NaIs, the event will only contain the particle information. These spectra are
called singles spectra.

Finally, the information gathered in the ADCs and TDCs are sent to an eventbuilder and
assembled to create a single event with timing, particle- and γ energy information. After building
events, filling a buffer, they are subsequently written to disk in a format that can be used for
further data analysis.

3.3 SiRi calibration

When a charged particle hits SiRi, it first deposits a small amount of energy in the thin front
detector and the rest of its energy in the back detector. Calculations have been made using
the calculator [80], to ensure that the chosen beam energy will not cause punch-through of
the particles. The energies read from the front and back detectors will produce what is called
banana plots, with ∆E, the energy deposited in the thin detector, on the y-axis and E, the
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Figure 3.4: Energy detected in ∆E detectors vs E detectors, the so-called banana plot. Note
that the plot depicts the SiRI counts from the 8 different detector rings at angles from 126°-144°.

energy deposited in the thick detector, on the x-axis. Following the Bethe-Block formula [81]
the plot will separate data points according to the mass, charge and speed of the ejectile. That
way, one can select the events of interest. The banana plot produced in this experiment is shown
in Figure 3.4. The lowest banana represents the protons detected in SiRi, the middle banana
represents the deuterons, and the highest banana represents the tritons. There is not enough
data in the triton banana to perform analysis on. In Figure 3.4, it is apparent how the elastic
peak in 152Sm is dominant and this is gated for when performing time calibration.

To gate on a particle species we use the range of the particle, i.e. how far a particle with a
certain energy penetrates a given material. Using a file containing a list of the range of protons in
silicon, we extrapolate a function which returns a distance of penetration in µm given any energy.
To separate the events from the different ejectiles, the fact that their individual combination of
E and ∆E will give an apparent thickness of the front detector following x∆E = range(E+∆E) -
range(E) is used. This calculation produces a plot of apparent thickness shown in Figure 3.5.

In Figure 3.5, the first peak is the proton peak, which represents the true thickness value of
the ∆E detector, while the next peaks represent deuteron and triton events, respectively. From
the apparent thickness plot, we set gates as illustrated with red lines in Figure 3.5. These gates
identifies the events with the energy combinations (E+∆E) for a specific charged-particle type.

The (d,p)153Sm reaction may populate the ground state of 153Sm leading to the highest
possible energy of the emitted proton, taking into account the reaction kinematics and the
reaction Q-value. For excited energy levels in 153Sm, the proton will have lower energy and
produce the banana as seen in the plot. Until the proton energy (E+∆E) reaches the neutron
separation energy of 5868 keV for 153Sm, we can be confident that the data points only correspond
to populating energy levels of 153Sm. However, the spectrum can also contain protons from elastic
break-up of the deuteron. In this work, we only analyze the data collected below the neutron
separation energy, to avoid inclusion of (d,pnγ) events.
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Figure 3.5: Apparent thickness of the ∆E detector, for the different ejectiles, red lines are the
particle gates set for the 152Sm(d,p)153Sm and the 152Sm(d,d’)152Sm reactions, respectively.

We assume the detectors are linear and that they all can be calibrated by finding individual
gain and shift, a and b, in the equation E = ax + b, where E is the calibrated energy and x is the
detector channel. To find these parameters, we need two distinguishable points for the fitting,
preferably with generous energy spacing between them to ensure the quality of calibration. In
this case, the two ground states for 153Sm and 152Sm were chosen. For the ground state of 153Sm
a point halfway down the slope towards zero events was used to represent the ground state. This
is due to the energy levels being very close together in this region and not separable with the
current resolution.

To ensure the calibration holds at higher energies, well beyond the ground state points, the
calculated Qkinz values were plotted on top of the proton and deuteron-banana, as demonstrated
for the SiRi strips at 140° in Figure 3.6. From this calibration, the deposited proton energies
can be converted into excitation energy, by combining the E+∆E information, the Q-value of
the reaction and the reaction kinematics.

3.4 CACTUS calibration

To calibrate the NaI detectors a 28Si target was placed in the target chamber for a short period
of time. 29Si has some well-defined γ-transitions, which can provide good calibration points. By
inspecting the energy levels and γ decays listed in the National Nuclear Data Center [82] for
29Si, the candidates for γ calibration were found.

In Figure 3.7, the calibrated γ spectrum for 29Si is shown. The peaks at 1273 keV and 4933
keV were used for aligning the NaI spectra. The other peaks highlighted in Figure 3.7 confirm
the calibration.
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Figure 3.6: Energy detected in ∆E detectors vs E detectors from ring 0 (at 140°) plotted with
calculated Qkinz values at this angle.

Figure 3.7: Calibrated γ spectrum for 29Si.
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Figure 3.8: The TDC signals of the NaI detectors aligned to channel 200.

3.5 Time calibration

As mentioned in section 3.2, there is a delay in the time signal for the NaI detectors. The time
signals need to be aligned, here corresponding to channel 200 (≈ 400 ns). The aligned detectors
are shown in Figure 3.8.

Also mentioned in section 3.2 is the leading-edge discriminator in the shapers, resulting in
what is called a walk in the time signals. The leading-edge discriminator will only read signals
reaching a certain energy threshold and the TDCs create a time signal corresponding to when
they reach the threshold, not when the signal peaks. This leads to signals of low energies, which
have longer rise time, being delayed with respect to those of higher energies. Plotting the energy
of the proton particle(E+∆E) versus the time signal, results in the spectrum in Figure 3.9a.
This spectrum shows the walk effect in the SiRi detector. To correct for time walk it was found
in [78] that using the following function:

t(E) = t0 +
α

E + β
+ γE, (3.1)

where t0 is the measured time and α, β and γ are values found by fitting the curve in Figure 3.9a,
will straighten the function, so that t(E) becomes constant as is shown in Figure 3.9b. These
corrections were performed for both the 153Sm and 152Sm data. The resulting time spectra after
these corrections are shown in Figure 3.10a for 153Sm and Figure 3.10b for 152Sm. The peaks
before and after the prompt peak are related to previous and subsequent beam bursts, in addition
to noise. These peaks represent false coincidences and it is necessary to subtract them from the
true coincidence events that will be used for further analysis. The chosen gates for the prompt
and background peak are indicated with red lines in Figure 3.10.

3.6 Coincidence matrix

The final step is to combine all the data that has been sorted and calibrated, in order to generate
a coincidence matrix. The coincidence matrix is a representation of the measured γ-ray spectra
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(a) (b)

Figure 3.9: Proton energy versus time difference signal before time correction (a) and after (b),
for 153Sm.

(a) (b)

Figure 3.10: Time spectrum for (a) 153Sm and (b) 152Sm after correcting for time walk. Red
lines indicate the gates set for the prompt peak and the background subtraction.

for each excitation energy bin. These γ-ray spectra contains the full energy peaks, the single and
double escape peaks, Compton scattering etc.

In Figure 3.11 the coincidence matrices for 152,153Sm are shown. In addition to the Ex = Eγ
diagonal, the neutron separation energies for 153Sm at 5868 keV and for 152Sm at 8258 keV are
indicated. For 152Sm the data is limited to about 1 MeV below the neutron separation energy.
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(a) (b)

Figure 3.11: Coincidence matrices for (a)153Sm and (b) 152Sm. The neutron separation energy
for 153Sm at 5868 keV and for 152Sm at 8258 keV are indicated together with the Ex = Eγ
diagonal.
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Chapter 4
The Oslo method

During the past ≈ 25 years, the researchers at OCL have developed a method, called the Oslo
method, for extracting nuclear level densities and γ ray strength functions. This method has
continuously been improved upon and is still undergoing scrutiny and modification. The method
takes the coincidence matrix as its starting point, and a set of procedures are subsequently
performed, eventually leading to the desired quantities.

The results of the procedure for this work, will be presented and an emphasis will be put
on the role of spin distribution and spin population in the final results. Finally, the obtained
resonance parameters will presented.

4.1 Unfolding of γ-ray spectra

The raw coincidence matrix obtained in section 3.6, needs to be corrected for the response of
the NaI detectors. The first step in unfolding the γ spectra [83] is to find the response function
for the γ-detectors involved in the experiment, in this case the NaI-detectors at OCL. This
is done by experimentally establishing the response of the detectors at different γ energies for
mono-energetic γ rays, which was last done in 2012 and presented in Ref. [84].

The shape of the response function can be explained by the different possible interactions
when a photon hits one of the scintillator detectors. Photons interact with the detector material
in three main ways: the photoelectric effect, Compton scattering and pair production.

The photoelectric effect, which dominates at low energies, takes place when a photon transfers
all its energy to an atomic electron and the electron is subsequently kicked out of the atom. This
is measured in the detector as the entire energy of the original photon and will appear in the full
energy peak.

Pair production occurs when the photon passes by a nucleus and creates an electron-positron
pair. Positrons and electrons can then collide and annihilate to two photons, each with an energy
of 511 keV. These events will also appear as a count in the full energy peak unless either one
or both of the photons are not absorbed, but instead escape the detector. Those cases will end
up at energies either 511 keV or 1022 keV below the full energy peak. The escaped photons can
hit other detectors and form an annihilation peak at 511 keV in the γ energy spectrum. Pair
production is only energetically possible for photons above 1022 keV, and at high γ energies, this
interaction dominates.

Last of the significantly contributing interactions is Compton scattering. Compton scattering
occurs when a photon collides with an electron in the detector and is scattered in a new direction
carrying less kinetic energy. The electron can either be a free electron or it can be a bound elec-
tron. In the latter case, the photon needs to have energy surpassing the electron binding energy

31



such that the binding energy is rendered insignificant. This leads to energy counts distributed
rather evenly over an energy interval, from right below the full energy peak down to zero energy.

4.1.1 The folding iteration method

Interpolating the individual detector response functions for monochromatic γ rays gives a ma-
trix, Fij , which represents the response in channel i when the incident photon has an energy
corresponding to channel j. The raw matrix found in section 3.6 is equivalent to the response
matrix multiplied with the unfolded matrix:

r = Fiju (4.1)

We are interested in the unfolded matrix u. There are a couple of ways of attaining it. It is
tempting to invert the response matrix Fij and multiply it with the observed spectrum, but this
is a dangerous procedure, yielding fluctuations and possible instabilities. The preferable option
is to fold the observed spectrum r with the response matrix F , then modifying u, progressively
approaching the true unfolded spectrum u. To confirm that u has converged towards the true u,
it is checked if Fu = r. This is called the folding iterative procedure and is executed with the
following steps:

1. Define a trial function to be modified as1:

u0 = r (4.2)

2. Fold the trial function with the response matrix getting Fu0.

3. By adding the difference between the observed spectrum and the folded Fu0 to the trial
function, a new function u1 is found that is closer to the unfolded spectrum, i.e. one
corrects the new function by how much the previous trial function failed:

u1 = u0 + (r − Fu0) (4.3)

4. Fold the new trial function again getting Fu1, and repeat step 3 to find the next trial
function:

u2 = u1 + (r − Fu1) (4.4)

5. After repeating step 2-4 i number of times (typically ≈ 30 times) the resulting Fui is found
to be equal to the observed spectrum, Fui = r.

In Figure 4.1, the different steps executed for 153Sm are shown. However, this procedure may
induce substantial fluctuations in the solutionu′. This problem is handled in the next step, using
the Compton subtraction method.

4.1.2 Compton subtraction method

After the folding iteration method is completed, the spectrum that is found will have fluctuations
which origin is not known. It is possible to just smooth these fluctuations with brute force, e.g.
with a Gaussian function representing the experimental resolution, but this could induce artificial
structures in the unfolded spectrum. In Ref. [83] a reliable method is proposed, taking advantage
of the known properties of Compton scattering to yield a more physical solution of the unfolded
spectrum, namely the Compton subtraction method.

1In practice this procedure could be performed with any starting function.
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Figure 4.1: The folding iteration demonstrated for 153Sm. All the figures on the left show the
trial functions, starting from the raw matrix r and converging towards the true unfolded u.
The figures on the right side show the folded figures plotted with the raw matrix, showing the
evolution towards convergence. Note that some of the spectra are outside the scale.

The method starts with the spectrum u33, found from the folding iteration method, hereafter
called u0. From u0, the aim is to make a spectrum that separates out the contributions from
the full energy peak, the single and double escape peak, the annihilation peak and Compton
scattering. In the construction of the response function F , the different probabilities for these
contributions were determined so that:

pfull + psingle + pdouble + pannihilation + pcompton = 1 (4.5)
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By combining these probabilities with u0 one can recreate a spectrum consisting of only
Compton scattering 2. The idea is to first subtract all the peaks from the raw spectrum r(i),
creating the Compton spectrum c(i):

c(i) = r(i)− v(i), (4.6)

where

v(i) =pf (i)u0(i) + w(i), (4.7)

w(i) =ps(i)u0(i) + pd(i)u0(i) +
∑
i

pa(i)u0(i). (4.8)

In order to not only have delta functions at i = if − 511 keV, i = if − 1022 keV and i = 511
keV, we make a gaussian peak in the respective channels with resolutions corresponding to the
experiment. For the annihilation peak, this is a resolution of 1.0 FWHM, while the other peaks
are determined by both the raw spectrum and the response matrix, 1.0 FWHM and 0.1 FWHM
respectively giving

√
1.02 − 0.12 = 0.99 FWHM resolution.

The resulting c(i) should, due to the nature of the Compton scattering process, be a smooth
function with no abrupt fluctuations. Therefore, it is reasonable to smooth c(i) using a resolution
of 1.0 FWHM.

Now, when c(i) and w(i) are subtracted from the raw spectrum r(i) and corrected for the
full energy probability pf (i), the resulting spectrum u(i) should be a more accurate and physical
representation of the unfolded spectrum:

u(i) =
r(i)− c(i)− w(i)

pf (i)
. (4.9)

Finally, the γ ray detection efficiency is taken into consideration yielding the true γ ray energy
spectrum U(i):

U(i) =
u(i)

εtot(i)
. (4.10)

To illustrate γ spectra before and after unfolding, 29Si was gated on its first excited state in
Figure 4.2a, where the full energy peak at 1273 keV and the Compton distribution are evident.
The resulting unfolded spectrum in Figure 4.2b shows how well the method works.

4.2 First generation matrix

The unfolded coincidence matrix now contains only full energy peaks of all the γ rays detected
at the different excitation energies, from all the decay cascades. In Figure 4.3 an example of
cascades from three different excitation energies is shown. Gating on excitation energy E3 for
example, would produce a spectrum with six γ rays as full energy peaks. Equivalently, gating on
E2 would show three full energy peaks. This is a consequence of not having timing techniques
good enough to distinguish first generation γ decay from the subsequent cascades.

However, the first generation γ ray matrix is needed for further analysis to find level densities
and γ ray strength function. In Guttormsen et al. [86], a method for extracting the first generation
matrix is described. The idea presented is that the energy peaks appearing in the highest
excitation energy bin, which are not first generation γs will also appear in the lower excitation

34



(a) (b)

Figure 4.2: γ energy spectrum for the 1273 keV transition from the first excited state of 29Si, (a)
before and (b) after unfolding.

Figure 4.3: Example of cascades from three excitation energies [85].

energy bins. As illustrated in Figure 4.3, if one sums the cascades from E2 and E1, and subtracts
that sum from the spectrum from E3, one is left with only the first generation γ rays from E3.

In practice, this extraction is performed as illustrated in Figure 4.4, which shows how the
sum of all spectra fj<i is subtracted from fi. However,one also needs to take into consideration
the population cross section of the various excitation energy bins. This is the ni factor in the
sum gi =

∑
njwjfj in Figure 4.4 and can be calculated in two different ways:

1. Singles normalization: Using the singles spectrum produced by particle detection to find
the ratios of populations of the different excitation-energy bins, we can calculate the nj
normalization factor. The normalization factor for each excitation energy bin j < i is

nj =
Si
Sj
, (4.11)

where Si and Sj are the singles particle cross section for the respective excitation energy
bins.

2This includes backscattering as detailed in Ref. [83].
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Figure 4.4: The first generation method. Figure taken from Ref. [86].

2. Multiplicity normalization: This method requires finding the average γ ray multiplicity,
i.e., the average number of γ rays emitted from a decay event in the different excitation
energy bins, Ei. Starting by assuming that a nucleus populates a certain excitation energy
bin N number of times, N number of γ cascades will result from this bin. Then Mk defines
the number of γ rays in the kth cascade, i.e. the multiplicity of the cascade.

The summed multiplicity over all cascades (the total number of γ rays) multiplied with the
average energy of the γ rays equals the bin population times the bin energy:

N∑
k=1

Mk〈Eγ〉 = N · Ei. (4.12)

From this, the average γ-ray multiplicity is found:

1

N

N∑
k=1

Mk = 〈M〉 =
Ei
〈Eγ〉

(4.13)

The singles-particle cross section Si is proportional to the ratio between the total number
of counts in the fi spectrum and 〈M〉, and this proportionality is used to find the normal-
ization factor ni, as in the singles method. The number of counts in the γ ray spectrum
is equivalent to its area A(fi), and given that Si ∝ A(fi)/〈Mi〉, the normalization factor
equals:

ni =
A(fi)/〈Mi〉
A(fj)/〈Mj〉

=
〈Mj〉A(fi)

〈Mi〉A(fj)
. (4.14)

Using the multiplicity method avoids the issue of isomer states obscuring the singles-particle
spectrum, and it is easier to calculate the variables needed directly from the coincidence matrix.
Both methods give satisfactory results, as shown in [86], but in practice, the second method is
preferable to use, and is the one implemented in this work.

To improve the extraction of the primary γ ray spectrum, and examine the quality of the first
generation method, an area check is performed. If the method is successful, the number of counts
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in the resulting spectrum hi will equal the counts in the unfolded spectra minus the counts in
the weighted spectrum, fi − gi. Imperfections in the weighting procedure could cause the areas
to deviate from equality. A factor δ close to unity is introduced, enabling a small correction if
needed, by:

A(hi) = A(fi)− δA(gi) (4.15)

An expression for δ is found using the fact that the spectrum fi contains a number of primary
γ rays equal to A(fi)

〈Mi〉 :

A(hi) =
A(fi)

〈Mi〉
, (4.16)

which in combination with Equation 4.15, gives:

δ =

(
1− 1

〈Mi〉

)
A(fi)

A(gi)
(4.17)

Varying δ within 1.00 ± 0.15 is allowed to yield improved spectra. If it is necessary to go
beyond these limits, it could indicate that the method has failed. This check is used when deciding
which region of the first generation matrix is preferable to use for the subsequent extraction of
level density and γ-ray strength.

The final factor to find for the calculation of the g spectrum is the wj weighting coefficient
which represents the distribution of the branching ratio of the cascades. Now, the weighting
coefficient is in fact the same as the primary-γ matrix h. In the following iterative procedure,
wi can be deduced by comparing to h:

1. Start with any trial function for wi.

2. Calculate hi = fi − gi using the trial function in step 1.

3. Find wi from hi in step 2, by normalizing the area of hi and giving the same energy
calibration as wi.

4. Compare the new wi to the old wi and see if they are similar to each other. If not, use the
new wi to repeat the procedure from step 2.

In Ref. [86] it is shown that even when starting with a box function as the first trial function,
convergence is reached after three iterations. In practice, between 10 and 20 iterations are
performed.

Executing the above steps will yield a matrix P (Ei, Eγ) consisting of full-energy peaks of
first generation γ rays, which is the starting point for extracting the level density and the γ-ray
strength function.

The raw matrix of 152,153Sm, the unfolded matrix and the first generation matrix are illus-
trated in Figure 4.5. The dashed line indicates the region chosen for the following analysis. By
using the area check, the lower limit in excitation energy was chosen to be 2900 keV for 153Sm
and 2500 keV for 152Sm. The higher limit for 153Sm was set at the Bn since there is enough
statistics and the area check holds. For 152Sm however, the higher limit for excitation energy was
set at 5000 keV due to low statistics up to the neutron separation energy. The limit for the γ ray
energy is chosen to ensure that no leftover second-generation γ-rays, such as yrast transitions,
are included. This corresponds to Eγ = 1000 keV for both nuclei.
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Figure 4.5: The raw coincidence spectrum (a) and (d), the unfolded matrix (b) and (e) and the
first generation (c) and (f) for 152Sm and 153Sm, respectively. The dashed lines indicate the
limits used in the extraction of level densities and γ-ray strength functions.

4.3 Extracting level density and γ-ray strength function

In Schiller et al.’s article from 2000 [10], a method for determining the level density and γ ray
strength function from the primary γ ray matrix is described. The method is based on a concept
first presented by L. Henden in 1995 [87]. The method is in essence comparable to Fermi’s Golden
Rule [88],

λ =
2π

h̄
|〈f |Ĥ|i〉|2ρ(Ef ), (4.18)

which states that for a small perturbation Ĥ, the decay rate from an initial to a final state λ,
can be expressed as a product of the density of levels at the final energy level ρ(Ef ), and the
transition matrix element squared.

Here, λ is directly comparable to the primary γ ray matrix. In Ref. [89], the strong correlation
between the following relation

P (Ei, Eγ) ∝ ρ(Ef )T (Eγ), (4.19)

and Equation 4.18, where Ef = Ei −Eγ , is outlined. One important difference between the two
is that the transmission coefficient T (Eγ) in Equation 4.19 only depends on the γ ray energy,
while the transition matrix in Equation 4.18 depends explicitly on the initial and the final level.
This dissimilarity originates from assuming the validity of the Brink-Axel hypothesis for atomic
nuclei [90]. The Brink-Axel hypothesis postulates that the γ decay from an energy level will have
properties independent of the excitation energy of that level, i.e. the γ-ray strength built on the
ground state will have the same energy dependence as the strength built on an excited state. It
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follows from this, that γ-ray strength functions extracted in different statistical energy regions
for the same nuclei, should have the same properties. This assumption allows for the P (Ei, Eγ)
to be separable into the ρ(Ef ) and T (Eγ) functions.

The relation holds for nuclei formed by compound nucleus reactions on a short time scale
(∼ 10−18 − 10−22s) relative to the decay time so that the energy of the incident particle will dis-
tribute evenly in the nucleus and come to equilibrium. An important property of the compound
nucleus reaction is that the exit channel is independent of the entrance channel in all cases except
the elastic case.

We want to find solutions for ρ(Ef ) and T (Eγ) which satisfies Equation 4.19, giving func-
tional forms of ρ(Ef ) and T (Eγ).

A theoretical primary γ ray matrix is approximated by the following relation:

P (Ei, Eγ) =
ρ(Ef )T (Eγ)∑E

Eγ=Eminγ
ρ(Ef )T (Eγ)

. (4.20)

By comparing this theoretical matrix to the experimentally achieved matrix, a general solu-
tion of Equation 4.19 is found by an iterative procedure. For each iteration a least χ2 minimiza-
tion is performed:

χ2 =
1

Nfree

Emaxx∑
Ei=Eminx

Ei∑
Eγ=Eminγ

(
P (Ei, Eγ)− Pexp(Ei, Eγ)

∆Pexp(Ei, Eγ)

)2

(4.21)

where ρ(Ef ) and T (Eγ) are improved according to the result of the fit. Here, Nfree is the
number of degrees of freedom. The limits of the sums, Eminx , Emaxx and Eminγ , give the region in
which the iterative method is performed. In the case of 152,153Sm the limits Eminx = 2500 keV,
2900 keV, Emaxx = 5000 keV, 5868 keV and Eminγ =1000 keV, 1000 keV for 152Sm and 153Sm,
respectively. The limits are indicated in Figure 4.5.

In Ref. [10] it is proven that, given the general solution of Equation 4.19, one can construct
an infinite number of solutions to Equation 4.19 using the transformations

ρ̃(Ef ) = AeαEfρ(Ef ) (4.22)

T̃ (Eγ) = BeαEγT (Eγ) (4.23)

where α is the correction to the slope of both transformations, and A and B give the absolute
value of the respective functions. These parameters need to be determined by external data in
order to normalize the experimental data.

4.4 Normalization of level density and γ-ray strength function

To determine the parameters α, A and B , data from neutron capture experiments are used when
available. The neutron resonance spacing, D0 for s-wave neutrons and D1 for d-wave neutrons,
provides information on the level density for specific spins and parities at the neutron separation
energy Bn.

From the s-wave neutron resonance spacing, one can find the density of energy levels having
these spins using the relation

1

D0
=

1

2
[ρ(Bn, J = It +

1

2
) + ρ(Bn, J = It −

1

2
)], (4.24)
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where It is the spin of the target nucleus and assuming equal contribution from both parities at
Bn.

To calculate the total level density for all spins, the theoretical distribution of spins is crucial.
The formula most frequently implemented in the Oslo Method is that of Ericson [91] and gives
the distribution g(E, J) at excitation energy E as:

g(E, J) =
1

2σ(E)2
(2J + 1)exp

[
−(J + 1

2)

2σ(E)2

]
(4.25)

where σ(E) is the so-called spin-cutoff parameter. By assuming this distribution and the expres-
sion in Equation 4.24, one can calculate the total level density.

The choice of σ is a difficult one, due to the incompleteness of data at very high energies,
which makes it hard to validate theoretical models. Previous approaches includes Gilbert and
Cameron [16], the rigid moment of inertia formula from von Egidy and Bucurescu [92] (hereafter
called EB06) and the phenomenological models from von Egidy and Bucurescu [93] (hereafter
called EB09). The different empirical formulas give a spin-cutoff parameter at Bn in the range
σBn = 4.2− 6.3 for 153Sm and σBn = 4.2− 6.5 for 152Sm.

In Ref. [94], an alternative approach was used, based on the fact that more and more evidence
suggests that the nuclear level density follows the constant temperature formula in Equation 2.2
above the pairing gap, up towards the neutron separation energy and perhaps beyond [95, 96].
Assuming a constant temperature it follows from σ2

J(E) = ΘT that σ will follow the energy
dependence of the rigid moment of inertia Θrigid. The energy dependence goes from ≈ 0.5Θrigid

(the rigid moment of inertia) at the ground state and up to ≈ 1.0Θrigid at Bn. Since Θ is
proportional to the number of quasiparticles excited, which again is proportional to excitation
energy, a linear function describing σ2

J(E) can be assumed as follows:

σ2
J(E) = σ2

d +
E − Ed
Bn − Ed

(σ2
J(Bn)− σ2

d), (4.26)

where two points for the spin-cutoff parameter are required for the linear interpolation: one point
at the neutron separation energy (E,σJ) and one at at discrete levels, (Ed,σd). The low energy
spin-cutoff parameter is found by fitting Equation 4.25 to known spins in a range of reliable spin
assignments, yielding a cutoff parameter for an average excitation energy. This was carried out
for 152Sm and 153Sm as shown for 153Sm in Figure 4.6, giving (1195 keV, 3.1) for 152Sm and (254
keV, 3.13) for 153Sm.

The spin-cut off parameter at Bn is found from assuming rigid body moment of inertia from
[97]:

σ2
J(Bn) = Θrigid · T = 0.0146A5/3 · 1 +

√
1 + 4aUn
2a

. (4.27)

The different spin-cut off parameters as a function of excitation energy for 153Sm using EB06,
EB09 and linear CT are shown in Figure 4.7

The nuclear level density at the neutron separation energy is found to be:

ρ(Bn) =
2σ2

D0

1

(It + 1)exp[−(It + 1)2/2σ2] + Itexp[−I2
t /2σ

2]
. (4.28)

Since data is missing for about 1MeV up to Bn, an extrapolation is needed. By assuming
that the constant temperature formula holds, the level density is extrapolated with:

ρCT (E) =
1

TCT
exp

(
E − E0

TCT

)
, (4.29)
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Figure 4.6: Spin distribution at low excitation energy for 153Sm.
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Figure 4.7: The spin-cut off parameter for 153Sm as a function of excitation energy following the
EB06, EB09 and linear CT model. The linear CT assumes a linear function for σ2 (see text).

where T is found from a least χ2 fit to be 0.56 MeV for 153Sm. In the case of 152Sm, the statistics
were not good enough for a reliable χ2 test, so the same temperature as for 153Sm was chosen.

The calculated ρCT (E) combined with the density of discrete levels at low excitation energy
found in [82] gives the A and α parameters to normalize the nuclear level density and the resulting
total normalized level densities for 152Sm and 152Sm are presented in the next section.

Now that α is determined for the nuclear level density, the slope of the transmission coefficient

41



is also found as the slopes are the same, seen in Equation 4.22. However, the absolute value B in
Equation 4.22 remains to be determined for the normalization of T (Eγ). The external measured
quantity used for this is the so-called average radiative width 〈Γγ(Bn)〉. It is in the determination
of B from 〈Γγ(Bn)〉 that the choice of spin distribution and σ becomes crucial, as this requires
integrating Equation 4.25 from 0 to Bn:

〈Γγ(Bn)〉 =
D0

2π

∫ Bn

0
dEγT (Eγ)× ρ(Bn − Eγ)

∑
Jf

g(Bn − Eγ , Jf ). (4.30)

Another challenge concerning spin is the question of which spins are actually populated by the
specific reaction in the experiment compared to the total range of spins available in the excited
nucleus. In scattering experiments for example, it is likely that spins of a wide range become
populated. However, for (d,p) reactions it is not certain that a sufficiently broad spin range
is populated. Due to P (Ei, Eγ) being fitted by the product ρ(Ef )T (Eγ in the Oslo method,
a reduced level density would affect the extracted transmission coefficient. In this work, it is
relevant to investigate this issue for the 152Sm(d,p)153Sm reaction.

By going through the published data compiled in the National Nuclear Data Center [82], a
reduced discrete level list is created for the low excitation normalization point by finding which
spins have been directly populated by the reaction. It is taken into account that dipole transitions
give final spins with ∆L = -1, 0, 1 relative to the initial spin.

For the normalization procedure, we need to approximate a reduced ρ(Bn). To do so we find
the highest excitation energy where spin assignments by the reaction have been made [82]. For
153Sm this is at approximately 2 MeV. Then the theoretical spin distribution g(E=2 MeV,J) at
this energy is calculated as shown in Figure 4.8, with σ(E = 2MeV) = 4.8. Now, the highest
spin observed up to that energy is determined and ratio between the integral of g(E,J) up to
that spin and the total integral of g(E,J) is found. Assuming this ratio of populated and total
spins is the same all the way up to Bn, one can calculate the reduced ρ at Bn:

ρ(Bn)red = ρ(Bn)tot ×
gpopulated
gtotal

. (4.31)

When determining the highest populated spin, there are a few choices to make based on
the uncertainties in spin assignments. One approach is excluding all uncertain spin assignments
when determining the highest spin. This approach could be supported by the very uncertain
spins already at very low energy and only trusting the few certain assignments. This stands in
contrast to the more conservative approach, where one includes all uncertain spin assignments.
This could be supported by the assumption that data bases will not yield complete information of
the spin populated by the reaction, and the range could be wider than what the data shows. For
153Sm this corresponds to choosing either 13/2 or 17/2 spin for the ratio estimate. In Figure 4.8
spin 13/2 is chosen, giving the spin range for levels at the final excitation energies is ≈ 64% of
all available levels. Choosing 17/2 gives the population of ≈ 82% of all available levels.

In the following presentation of normalized level densities and γ ray strength function, it will
be shown how all the considerations regarding spin affects the resulting nuclear level densities
and γ-ray strength function.

4.4.1 Nuclear level density

In Figure 4.9 the nuclear level density for 153Sm using different spin distributions is shown. In
addition, the different ρ(Bn) are presented in Table 4.1. We see that choosing for example, EB06
gives a ≈ 43% higher ρ(Bn) than that of Gilbert and Cameron. We also see that the level density
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Figure 4.9: Nuclear level density for 153Sm with different spin distributions. The uncertainties
are from systematic errors only.

found by using EB06 overlaps with the level density using linear CT. This is expected since they
use the same two normalization points.

The parameters used for the normalization with the linear CT performed for 152,153Sm are
presented in Table 4.2 and the resulting nuclear level densities are shown in Figure 4.10.

The total errors in ρ(Bn), combining statistical and systematical errors, are calculated from
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Table 4.1: The level density at the neutron separation energy of 153Sm for different spin distri-
bution models.

ρ(Bn) (MeV−1)

Nucleus Linear CT EB06 EB09 Gilbert and Cameron

153Sm 1.77(37)106 1.77(37)106 1.01(21)106 1.44(28)106

Table 4.2: Parameters used for normalizing nuclear level densities and γ-ray strength functions.
The D0 and Γγ values are taken from Mughabghab [98] and σBn from EB06[92].

Nucleus Bn σ(Bn) D0 ρ(Bn) 〈Γγ〉(Bn) T
(MeV) (eV) (106 MeV−1) (meV) (MeV)

152Sm 8.258 6.189(334) 1.31(9) 11.1(21) 101.6(2.8) 0.56
153Sm 5.868 5.982(323) 41(2.8) 1.77(36) 63(5) 0.56

the formula for propagation of error [58]:

dρ = ρ

√(
ρD0down − ρ

ρ

)2

+

(
ρσup − ρ

ρ

)2

+

(
∆ρ

ρ

)2

(4.32)

where ∆ρ is the statistical and systematic errors stemming from the Oslo method, detailed
in Ref. [11]. In addition, the systematic errors stemming from uncertainties in the normaliza-
tion parameters are included in the error estimation. To find upper and lower limits for σ, a
reduction factor, η, was introduced in Equation 4.27. The reduction factor η was set to 0.9 for
the recommended σ2- value and to 1.0 and 0.8 for the upper and lower limit, respectively. The
uncertainties in Ref. [98] for D0 were used. All the uncertainties are presented in Table 4.2 and
used to calculate ρσup and ρD0down. In this work we assume that the errors are approximately
symmetric.

The resulting nuclear level densities are shown in Figure 4.10

4.4.2 γ-ray strength function

By using the normalization parameters in Table 4.2 and ρ(Bn − Eγ) from the normalized level
density, T is found from Equation 4.30. In order to estimate f(Eγ) up to the neutron sepa-
ration energy, an extrapolation for T is performed. In the normalization procedure for 153Sm
the extrapolation was carried out using the trends of the highest data in T . For 152Sm, the
(γ,n)152Sm data from Filipescu et al. [99] was used for comparison, in order to extrapolate the
transmission coefficient. In order to affirm the normalization for 152Sm, the γ-ray strength func-
tion of 153Sm was multiplied with a constant factor to match the absolute value of 152Sm. This
gave approximately the same slope.

Assuming only dipole transitions, Equation 2.7 becomes:

f(Eγ) =
1

2π

T (Eγ)

E3
γ

(4.33)

and from this, the γ-ray strength function is found.
The γ-ray strength function using different spin distributions is shown in Figure 4.11 for

153Sm. The γ-ray strength using the linear CT falls somewhere between EB06 and EB09 at high
excitation energies, and lower than all the other distributions at low excitation energies. The
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Figure 4.10: Normalized nuclear level densities for 152,153Sm. The data from this work is plotted
with known levels form Ref. [82], a constant temperature extrapolation and ρBn found from
using the D0 parameter from [98] and σ from EB06

Table 4.3: The γ-ray strength at 5.9 MeV of 153Sm for different spin distribution models.

γ-ray strength (MeV−3)

Nucleus Linear CT EB06 EB09 Gilbert and Cameron

153Sm 1.33(23)10−7 1.62(28)10−7 9.7(17)10−8 1.32(24)10−7

γ-ray strength is compared at the same energy, 5.9 MeV in Table 4.3. The highest strength at
that energy is 67% higher than the lowest, showcasing the great effect the spin distribution has
on the γ-ray strength function.

The total error estimation is calculated the same way as for the level density using the
formula:

df = f

√(
fD0down − f

f

)2

+

(
fσup − f

f

)2

+

(
fΓup − f

f

)2

+

(
∆f

f

)2

, (4.34)

where fΓup is calculated using the upper limits for 〈Γγ〉(Bn) in Table 4.2, and ∆f is the systematic
and statistical errors from the method.

In section 4.4 a possible spin population problem for 153Sm was discussed. The effect of
implementing the approach is shown in Figure 4.11. In the figure the γ-ray strength function
with no population correction is plotted alongside the γ-ray strength function which assumes
a highest populated spin of 13/2 spin. The slope of the strength is somewhat less steep. In
Table 4.4, the reduced and total level density is presented, as well as the resulting γ-ray strength
at 5.9 MeV. The γ-ray strengths fall within the uncertainties of each other. Keeping in mind
that this is using the more strict of the approaches, the effect is possibly minimal. Therefore, in
this work, it was chosen to continue with the uncorrected strength function for further analysis.

The obtained γ-ray strength function with total errors for 152,153Sm is shown in Figure 4.12.
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Figure 4.11: In the left panel, the γ-ray strength function for different spin-cut off parameters is
shown. The uncertainties are from systematic errors only. In the right panel the γ-ray strength
function with and without population correction is plotted.

Table 4.4: The γ-ray strength at 5.9 MeV of 153Sm for different spin distribution models.

ρ(Bn) (MeV−1) γ-ray strength (MeV−3)

Nucleus Total Reduced No pop. corr. Pop. corr

153Sm 1.77(37)106 1.14(24)10−7 1.30(23)10−7 1.39(24)10−7

4.5 Resonances

After the Oslo method has been performed on data obtained from the OCL, one cannot distin-
guish the multipolarity or electromagnetic character of the measured γ-ray strength. However, in
order to determine different resonances, the γ-ray strength function needs to be decomposed. It
is assumed that dipole transitions dominate the strength, but it is necessary to rely on external
data in order to approximate the electromagnetic character of the different observed resonances.
By comparing to findings in other experiments, more qualified estimations can be made. The fit
for these nuclei are deduced by comparing to 152,154Sm(γ,n) data for the GDR [99, 100], and by
considering trends in the neighbouring nuclei in Sm and Dy [9, 58].

4.5.1 Fitting the γ-ray strength function for 152Sm

To decompose the γ-ray strength function for 152Sm, we attempt including various resonances,
in order to find the most compatible fit with the data from this work.

The GDR resonance dominates the γ-ray strength function, and the other low-energy reso-
nances are all on the tail of the GDR. Determining the fit will affect all the other resonances. It
is therefore crucial to achieve a good fit for the GDR. The Generalized Lorentzian Model (GLO)
with two components is used to describe the double-humped Giant Dipole Resonance [3] [101]:
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Figure 4.12: The γ-ray strength function for 152,153Sm. The comparison with 152,154Sm(γ,n) data
from Ref. [99].

fE1,i(Eγ) =
1

3π2h̄2c2
σE1,iΓE1,i ×

[
EγΓ(Eγ , Tf )

(E2
γ − ω2

E1,i)
2 + E2

γΓ2(Eγ , Tf )
+ 0.7

Γ(Eγ = 0, TF )

ω3
E1,i

]
(4.35)

where i = 1 or 2 is the index of the first and second hump of the GDR, Tf is the temperature of
final states, σE1,i is the peak cross sections and ωE1,i is the energy centroids. ΓE1,i is the width
of the components calculated by:

Γ(Eγ , Tf ) =
ΓE1,i

E2
E1,i

(E2
γ + 4π2T 2

f ). (4.36)

From about 12 MeV and up, the 152Sm(γ,n) data from Ref. [100] was used for the fit. Below
12 MeV, the 152Sm(γ,n) data from Ref. [99], was used. These data indicate a double-humped
GDR.

For 152Sm, there is no clear indication of a PDR at 5-6 MeV and, in order to achieve the best
fit, no such PDR was included. There is an about 3.5 MeV gap up to the (γ, n) data, so there
is certainly possible that a PDR is located at around 5-7 MeV, but by comparing to the data
available, only a higher-energy PDR was included. The origin of this resonance is presumed to
be the PDR, but for simplicity, it will be called a PDR.

By inspecting the strength function in the energy region 2 - 4 MeV, it is not obvious where
a potential scissors resonance is located. In fact, the fluctuations in the region could indicate
several, weak resonances. However, in order to be consistent with the trends observed in neigh-
bouring nuclei, a scissors resonance is included. To describe the scissors resonance and the pygmy
structure the Standard Lorentzian Model(SLO) in Equation 2.11 is used.

The low-energy data points for 152Sm, on the other hand, could indicate an upbend. In
addition, since Ref. [9] observed the low energy enhancement in 151,153Sm, the upbend is included
in the fit for 152Sm as well. Equation 2.14 is used to describe the upbend.
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Table 4.5: Resonance parameters for the 152Sm baseline. For the GDR the temperature is fixed
to Tf = 0.64 MeV.

Giant Dipole 1 and 2 Pygmy 1 Upbend

ωE1,1 σE1,1 ΓE1,1 ωE1,2 σE1,2 ΓE1,2 ωPDR σPDR ΓPDR C η
(MeV) (mb) (MeV) (MeV) (mb) (MeV) (MeV) (mb) (MeV) (MeV3) (MeV−1)

14.22(15) 224(4) 7.49(35) 16.16(3) 119(8) 3.05(22) 7.7 4.0 3.8 6(5)10−7 1.98(64)
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Figure 4.13: The γ-ray strength function for 152Sm. The comparison with 152Sm(γ,n) data from
Refs. [99, 100] is shown. The fit for the PDR, scissors resonance and upbend is indicated with
black lines.

Having made all the considerations above, the different features in the γ-ray strength func-
tions for 152Sm are proposed to be:

f152Sm = fE1,1 + fE1,2 + fPDR1 + fSR + fUp (4.37)

In Figure 4.13, the resulting fit is presented and in Table 4.5 the resonance parameters for
the GDR, PDR and upbend are listed.

4.5.2 Fitting the γ-ray strength function for 153Sm

From about 12 MeV and up, the 154Sm(γ,n) data from Ref. [100] was used for the fit. Below 12
MeV, the 154Sm(γ,n)data from Ref. [99], was used. The low-energy data points for 153Sm give
no clear indication of an upbend, therefore it was not included in the fit. The high-energy data
for 153Sm can, in comparing with the GDR data, indicate a pygmy resonance at around 6 MeV,
in addition to one at higher energies. Therefor two PDRs were included, without concluding on
the origin of these resonances.

A small, but distinct, resonance is seen in 153Sm around 3 MeV, believed to be the scissors
resonance and a SLO was included around those energies. The γ-ray strength function for 153Sm
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Figure 4.14: The normalized γ-ray strength function for 153Sm. The comparison with 154Sm(γ,n)
data from Refs. [99, 100] is shown. The fit for the PDRs and scissors resonance is indicated with
black lines, and the GDR is indicated with a purple line

Table 4.6: Resonance parameters for the 153Sm baseline. For the GDR the temperature is fixed
to Tf = 0.4 MeV.

Giant Dipole 1 and 2 Pygmy 1 Pygmy 2

ωE1,1 σE1,1 ΓE1,1 ωE1,2 σE1,2 ΓE1,2 ωPDR1 σPDR1 ΓPDR1 ωPDR2 σPDR2 ΓPDR2

(MeV) (mb) (MeV) (MeV) (mb) (MeV) (MeV) (mb) (MeV) (MeV) (mb) (MeV)

13.36(10) 201(4) 5.55(25) 16.44(5) 147(5) 4.36(53) 6.5 6.85(19) 2.43(49) 8.21(17) 5.5 2.0

can then be decomposed into the following parts:

f153Sm = fE1,1 + fE1,2 + fPDR1 + fPDR1 + fSR (4.38)

In Figure 4.14, the resulting fit is presented and in Table 4.6 the resonance parameters for
the double-humped GDR, and the two PDRs are listed.

Neither 152Sm nor 153Sm conclusively show the PDR, the scissors resonance and the upbend
in the same nuclei. However, the three resonances were all observed, and the scissors resonance
is possibly observed in both nuclei.

4.5.3 Extracting the scissors resonance

The resonance parameters found for the scissors resonance, along with the integrated strength
of the resonance, B(M1)SR, is presented for both nuclei in Table 4.7. In this work B(M1)SR is
found using Equation 2.12.

The error for the B(M1)SR strength is found by using error propagation for fractions for
Equation 2.13, and the error in percentage was calculates. Because of the small deviations in
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Table 4.7: Parameters for the scissors resonance for 152Sm and 153Sm.
Scissors Resonance

Nucleus ωSR σSR ΓSR BSR
(MeV) (mb) (MeV) (µ2

N )

152Sm 2.80(7) 0.32(11) 0.40(19) 1.52(88)
153Sm 3.01(15) 0.35(8) 0.90(32) 3.12(72)

the two formulas finding B(M1)SR this ratio is about the same:

dBSR =

√(
dBSR
dωSR

)2

∆ω2
SR +

(
dBSR
dΓSR

)2

∆Γ2
SR +

(
dBSR
dσSR

)2

∆σ2
SR (4.39)

where

dBSR
dωSR

=
9h̄c

32π2

σSRΓSR
ω2

(4.40)

dBSR
dΓSR

=
9h̄c

32π2

σSR
ωSR

(4.41)

dBSR
dσSR

=
9h̄c

32π2

ΓSR
ωSR

(4.42)

and the uncertainties ∆ωSR, ∆σSR and ∆ΓSR are found from the fit and presented in Table 4.7.

In order to examine the success of the fit for the scissors resonance, one can typically isolate
the contribution from the scissors resonance to the total γ-ray strength, as carried out for thorium
isotopes in Figure 2.6 By plotting these data with the obtained fit, it should illustrate the quality
of the fit. Using the obtained resonance parameters one can extract the strength of the scissors
resonance from the total strength. In Figure 4.15 these extracted data points are plotted with
the resonance fit for 152,153Sm. The results show a reasonable fit for 153Sm. For 152Sm, however,
the fit is evidently not reliable, there are large fluctuations, and it appears almost random where
the resonance has been located.

In the following discussion, the extracted nuclear level densities, γ-ray strength functions and
resonances will be compared to other data and the significance of the results will be discussed.
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Figure 4.15: The extracted scissors resonance with the obtained fit for (a) 152Sm (b) 153Sm. The
uncertainties in the data are the total uncertainties of the γ-ray strength functions.
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Chapter 5
Discussion

In the following discussion, the results from the current work will be compared to relevant
published data and put into a context of different theories. The main focus will first be on
findings in the γ-ray strength function and then specifically on the extracted scissors resonances
and how the results from this work contribute to the ongoing discussions on resonances in the
γ-ray strength functions in deformed, rare-earth nuclei.

5.1 Resonances in the γ-ray strength function

How reliable the results for the γ-ray strength function are, depends on how accurately the
nuclear level density is normalized. Therefore, it is essential to compare the level densities from
this experiment with previous experiments on the same, or neighboring, nuclei to determine that
we have a good normalization. In Figure 5.1 the nuclear level densities from this experiment are
plotted with the nuclear level densities for 151,153Sm reported in Ref. [9] and the preliminary
results for 154,155Sm from Malatji [102]. For comparison of this data to the results in Ref. [9] it
is important to note the main differences in the experimental procedures. The results in Ref. [9]
are found from the reactions 152Sm(p,d)151Sm and 154Sm(p,d)153Sm with a 25 MeV proton beam.
These reactions could potentially populate a larger spin range than in the current experiment,
which used the reactions 152Sm(d,p)153Sm and 152Sm(d,d′)152Sm with a 13.5 MeV proton beam.
The data from Ref. [9] reach a maximum excitation energy of about 4 MeV for both nuclei,
while the current work reaches about 5 MeV and 6 MeV for 152Sm and 153Sm, respectively. In
addition, a slightly different normalization procedure was used in Ref. [9]. The previous work
[9] used D0 and 〈Γγ〉 from RIPL-3 [3], while this work implements the D0 and 〈Γγ〉 listed in
Table 4.2, found from the latest Mughabghab [98]. The spin-cut off parameter at Bn from EB06
[92] was used in Ref. [9] with no reduction factor, and EB06 was used for the spin distribution
at all excitation energies. In the current work a reduced σ2, by a factor of 0.9, was used and a
linear CT approach was used for all excitation energies. Lastly, Ref. [9] found the TCT to be
0.51 MeV and 0.53 MeV for 151,153Sm, respectively, while this work found TCT to be 0.56 MeV
for both nuclei.

For comparison with the results for 154,155Sm from [102], it should first be noted that the
findings are preliminary. In addition, the 154Sm data suffered some of the same shortcomings as
the 152Sm data from this work, i.e., low statistics and a large extrapolation to the Bn. However,
the experiments used the same reactions as in this work, i.e. 154Sm(d, p)155Sm and 154Sm(d,
d′)154Sm with approximately the same beam energy, and both experiments were performed at
OCL. In addition, the results were found using the same reference for normalization parameters
[98] and the same spin distribution approach as in this work.

In Figure 5.1 we see that for the nuclear level densities from the current work, the CT

53



 (MeV)
x

Excitation energy E
0 1 2 3 4 5 6 7 8

)
-1

(E
) (

M
eV

ρ
Le

ve
l d

en
si

ty
 

1

10

210

310

410

510

610

710

810
Sm, Present experiment152

Sm, Present experiment153

Sm, K. L. Malatji154

Sm, K.L. Malatji155

Sm, A.Simon et al.151

Sm, A.Simon et al.153

 Constant Temperature
 from neutron res. data ρ 

Figure 5.1: Nuclear level densities for Sm, from current experiment, [9] and [102].

extrapolation fits well. It is however evident that there is a significant gap between the highest
data point and the neutron separation energy for 152Sm. This makes extrapolation more difficult
and results in larger uncertainties for 152Sm than for 153Sm.

The agreement with 151,153,154,155Sm from Refs. [9, 102] is good. The level densities are
parallel and the separation of even-even and odd-even nuclei is evident as expected, due to
pairing. It is interesting to note that the nuclear level density of 155Sm is lower than that of
153Sm. Considering that the nuclei are both odd-even and that 155Sm is more deformed, one
would expect it to be the other way around. This peculiarity is, as of yet, of unknown origin and
merits further investigation in future work. It is also worth noting that the 153,155Sm data, from
this work and Ref. [102], respectively, extend almost to the Bn, making the extrapolation quite
reliable.

The γ-ray strength functions for 151−155Sm are shown in Figure 5.2 , separated in odd-even
and even-even isotopes. The strength functions used for comparison are, as for the level densities,
found from Ref. [9] and Ref. [102]. For the odd-even isotopes we see, in Figure 5.2a, a clear
difference between the 151,153Sm from Ref. [9], and 153,155Sm data from this work and Ref. [102].
Firstly, the slopes are quite different. This could be explained by the aforementioned differences
in experimental procedure and analysis. More interestingly, the features in the strengths have
several dissimilarities. For example, the enhancements at around 3 MeV, believed to be the
scissors resonance, appear stronger and broader in the earlier work [9]. This will be discussed in
more detail later.

The even-even isotopes investigated in this work and by Ref. [102], are shown in Figure 5.2b.
The data cover slightly different energy ranges and show some differing features. The most
interesting in this comparison is how both strength functions are missing a prominent scissors
resonance, an issue which will be discussed later.

In the 151,153Sm data from Ref. [9], shown in Figure 5.2a, a strong upbend is evident below
1.5 MeV. In the 153,155Sm data from this work and Ref. [102], shown in Figure 5.2a, the upbend
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can only be seen in 155Sm. However, it appears less steep than for 151,153Sm. Of the two even-
even isotopes from this work and Ref. [102], shown in Figure 5.2b, a possible upbend can only
be seen in 152Sm. However, one cannot exclude the possibility of an upbend existing in 154Sm
as well, since the data only reach down to 1.5 MeV. It is interesting that for all the functions
except 153Sm from this work and 154Sm from Ref. [102], an upbend can be seen, starting at
approx 1.5 MeV. The fact that the current 153Sm reaches approximately 1 MeV, and show little
sign of rising, could point towards several things. Due to limits in the extraction method, data
at low energies can be more uncertain, and the upbend could exist in the region below 1 MeV,
without us being able to see it. Or, the upbend sets in at lower energies than expected. Finally,
there is the possibility that the upbend does not exist in 153Sm, negating the results in Ref. [9].
The strength in Ref. [9] could stem from other phenomena. A possibility for an enhancement
in the strength at low energy is that decay in rotational bands could contribute to the strength.
However, this was excluded in Ref. [9] by performing angular-distribution measurements and
confirming the predominantly dipole nature of the resonance.

By examining the upbend and scissors resonances in 152,153Sm from this work, one can see
an affirmation of the upbend-scissors resonance bimodal structure suggested in Ref. [13]. The
upbend appears in 152Sm along with a weak scissors resonance, then the strength is distributed
slightly towards the scissors resonance in 153Sm, explaining the missing upbend. This possibility
would be more compelling if the transition were smoother, given that these are neighbouring
isotopes. In addition, in comparing with the other data, one could not conclude on such a trend.
In particular, examining the transition from 153Sm from this work to 155Sm from Ref. [102],
which are the experiments with the best statistics, indicate an opposite trend.

For the 155Sm data from Ref. [102] one can see a clear enhancement at around 5.5 MeV.
This could be the pygmy dipole resonance. Even though the results are preliminary, they build
confidence in the inclusion of a PDR around the same energy in 153Sm from this work. For the
152,154Sm strength functions from this work and Ref. [102], there are also some indications of a
PDR. In 152Sm the data do not reach high enough energies to conclude on any trends, but the
154Sm show a rise in strength at the expected energies. Alongside the preliminary results from
Ref. [64] shown in Figure 2.9, the evidence for a PDR in this energy region is mounting. It is not
possible using OCL data to conclude on the electromagnetic nature of the resonance, and other
type of experiments, as in Ref. [64], are needed for the confirmation of the electric or magnetic
nature.

5.2 The scissors resonance

When comparing the γ-ray strength functions of 152,153Sm from this work to the 151,153Sm data
from Ref. [9] in Figure 5.2 a,b, the scissors resonance in 153Sm appear relatively weak. For
152Sm, the scissors resonance is not just weak, but even hardly distinguishable. In fact, from
these results it would not be unreasonable to say that no scissors resonance is seen for 152Sm.
In Figure 4.15 it is evident how the fit for 152Sm is not very reliable. The fluctuations are large,
and, in actuality, the SLO could have been fitted several places in the same energy region. Note
that, in Table 4.7, the resonance parameters are found for 152Sm with seemingly reasonable
uncertainties. This is due to forcing a small SLO to fit a few data points that easily make up a
weak resonance. These errors do not represent the true uncertainty in the extraction.

However, the scissors resonance in 153Sm is unmistakable in Figure 4.14 and Figure 4.15,
only weaker than expected. To compare to other findings, the obtained B(M1)SR strengths
for 152,153Sm are plotted in Figure 5.3 alongside the results from the 151,153Sm data from [9],
154,155Sm from Ref. [102] and NRF data on 150,152,154Sm from Ziegler et al. [46]. If one takes
everything discussed in subsection 2.3.3 into consideration, like the fact that NRF experiments
have integrated over a more narrow energy region, one would expect these Oslo data to be much
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Figure 5.2: γ-ray strength functions for 151−155Sm, from the current experiment, Ref. [9] and
Ref. [102]. The even isotopes are shown in (a) and the odd isotopes in (b).

Table 5.1: The integrated scissors resonance strength from (1) the present experiment, from
(2) the 151,153Sm data [9], from (3) the 154,155Sm data by [102] and from (4) the NRF data on
150,152,154Sm [46]. β2 is the deformation parameter.

Nucleus β2 B(M1)SR (µ2
N )

150Sm 0.21 0.97(10)(4)

151Sm 0.22 7.8(34)(2)

152Sm 0.24 1.52(88)(1), 2.35(24)(4)

153Sm 0.26 3.11(72)(1), 7.8(20)(2)

154Sm 0.27 1.48(68)(3), 2.65(27)(4)

155Sm 0.27 4.08(60)(3)

closer to the 151,153Sm data in Ref. [9]. In Table 5.1 all the strengths are tabulated together with
the deformation parameter for the nuclei. From the table one can see that the scissors resonance
strength for 153Sm from Ref. [9] is 2.5 times higher than for 153Sm from this work. And that
both 151,153Sm from Ref. [9] are 5 times higher that of 152Sm from this work. Note that the
strengths from [9] have large uncertainties, but is still quite a bit higher at the lower limits, than
the data from this work.

Most theories and previous results have strongly indicated that the strength of the scissors
resonance will increase with deformation, and be stronger in even-even nuclei than in odd-even
nuclei [7, 48]. The present results, along with the preliminary results from Ref. [102], stand in
disagreement with these claims.

Of course, it is possible to keep improving the resonance fit in the hopes of achieving better
consistency, but there could also be a physical explanation for the deviations. It is then useful
to investigate the possibility that some parts of the primary-γ matrices might be obscuring the
complete picture. To test for this possibility, different sections of the first generation matrices
were gated on before extracting the level densities and γ-ray strength functions. The different
excitation energy gates are illustrated in Figure 5.4 and the extracted γ-ray strengths are shown
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Figure 5.3: Comparison of the integrated scissors resonance strength from the present experiment,
the 151,153Sm data [9], the 154,155Sm data from [102] and NRF data on 150,152,154Sm [46].
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Figure 5.4: The different excitation energy gates for 152Sm on the left and 153Sm on the right.
For 152Sm, the gates are 2.5- 3.3 MeV, 3.3- 4.17 MeV and 4.17- 5.0 MeV. For 153Sm the gates
are 2.9- 3.9 MeV, 3.9- 4.9 MeV and 4.9- 5.9 MeV.

in Figure 5.5. If one assumes that the Brink-Axel hypothesis holds, the extracted strengths
should show the same features and have approximately the same slope and absolute value. The
strengths in Figure 5.5 are separated by a factor of 0.5, in order to see the features more clearly.
For 152Sm, it is not simple to conclude on the details in the strengths, because of the low statistics.
However, it is interesting to note that the upbend appears consistently in all the energy gates,
lowering the possibility of rotational bands influencing the strength.

For 153Sm, on the other hand, it is clear to see the features in the different gates due to good
statistics. In, fact, it seems as if the lowest energy gate (2.9 - 3.9 MeV) indeed reveals a stronger
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Figure 5.5: The γ-ray strength functions from different energy gates for 152Sm and 153Sm. The
functions are separated by a factor of 0.5 and the marker colors corresponds to the gates illus-
trated in Figure 5.4. The black squares correspond to the entire energy region.

scissors resonance than the other gates. This could explain the deviation from the 151,153Sm
data from Ref. [9], since those data only reaches up to 4 MeV. Actually, the strength from the
energy gates above 3.9 MeV for this data appear remarkably flat. To see if the scissors resonance
indeed decreases in strength, the B(M1)SR was obtained for the γ-ray strength of the different
energy gates. By following the same procedure as in subsection 4.5.2, the B(M1)SR strength was
obtained and plotted in Figure 5.6. This plot reveals the lowest energy gate to have almost twice
the B(M1)SR as the next energy gate, confirming the observations made about Figure 5.5. This
surprising result could be a consequence of several things, e.g., that the region below 4 MeV is
not statistical, and that the Brink-Axel hypothesis does not hold. Another explanation could be
that the Brink-Axel hypothesis is not a valid assumption for the scissors resonance. This is not
a controversial claim, as many have doubted the hypothesis before [103]. However, this could
have consequences for research performed on γ-ray strength from excited states. Regardless, the
results here are not sufficient to draw any conclusions on the matter.

To investigate the significance of what is seen in Figure 5.5 further, the exact normalization
procedure for 153Sm in Ref. [9] was obtained [104], and the procedure was repeated with data
from the current 153Sm. Inspecting the results in Figure 5.7 is very revealing. Not only has both
the absolute value and slope changed, but with the alternative normalization both the upbend
and the scissors resonance emerge clearly. First, the results show the drastic difference small
changes in the procedure can make, secondly it shows the importance of probing information in
all energy regions. Also, the similarities of the strength functions with the same normalization
could show that the (d,p)153Sm reaction populated a satisfactory wide spin range. If one holds
the results in the present experiment on 153Sm to be more reliable than previous experiments, it
could shed light on the previous findings regarding the strong upbend and scissors resonance in
Ref. [9].

To conclude, even though the presented results in Figure 4.13 show a possible scissors res-
onance for 152Sm, it is not possible to conclude on its existence from these results. Now, it is
very important to note that the statistics for this experiment was far from ideal, and that the
relatively low beam energy resulted in a large gap from our data up to Bn. The weak strength
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Figure 5.7: Comparing the γ-ray strength functions of 153Sm. The results from this work are
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the data from the present experiment normalized with the procedure performed on 153Sm in Ref.
[9] is plotted.

could also be a consequence of the onset of deformation, but then it is interesting to note that
preliminary results on 154Sm show the same behaviour. Despite the difference in slope, the
strength in 154Sm appears quite featureless as well. Looking at Figure 1.1, this is the opposite of
what is expected, given that 154Sm is well-deformed. In addition, established theory has claimed
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that the even-even nuclei typically yield a stronger scissors resonance.
This puts some of the results in the paper by Kroll et al. [60], mentioned in subsection 2.3.3,

into a new perspective. The article finds and compares the B(M1)SR strengths for three different
rare-earth nuclei. In Figure 2.8, taken from the article, an odd-even effect is apparent, but the
article suggests this could result from the strength in odd-even nuclei becoming exaggerated
by unrelated transitions. In fact, comparing the B(M1)SR strengths plotted in Figure 2.8 to
the B(M1)SR from this work and Ref. [102] in Figure 5.3 reveal interesting similarities. The
even-even nuclei for Sm, like that of Gd and Dy, are lower than the respective odd-even nuclei.
In addition, the strength actually decreases with deformation for the even-even nuclei. These
results are rather surprising.

If the results from this work is confirmed by upcoming experiments, it could be a fact that in
some even nuclei, the scissors resonance is significantly weaker than for the odd isotopes. In that
case, these results could contribute to the investigation of this unexpected turn in the research
of the scissors resonance. In addition, the correlation between deformation and the strength
of the scissors resonance would come into question. This would mean needing to think about
the resonance in alternative ways. Perhaps the splitting of the scissors resonance is sufficient to
explain the seemingly disappearing strength. In Ref. Balbutsev et al. [42], a handful of results
for rare-earth nuclei were found to support the possible splitting. If the scissors resonance is
weaker than previously thought, and in addition, is split into two parts, it could account for the
flattening of the γ-ray strength function.

However, it does not offer an explanation to the odd-even effect, and if these findings are
confirmed in future research, perhaps new microscopic models need to be developed that can
offer an explanation for the effect.
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Chapter 6
Summary and outlook

6.1 Summary

This work set out to investigate resonances in the γ-ray strength function of two samarium
isotopes below the neutron separation energy. From an experiment carried out at the Oslo
Cyclotron Laboratory, 152Sm and 153Sm could be investigated using the Oslo Method. For the
first time, the γ-ray strength function and nuclear level density for 152Sm was found below the
neutron separation energy. In addition, 153Sm was investigated at energies closer to the neutron
separation energy than in any previous experiments.

The work was motivated, in particular, by the search for the scissors resonance, the upbend
and the pygmy dipole resonance. Mapping the details of the γ-ray strength function can have
importance for further calculations of neutron-capture cross sections. It has been shown how the
inclusion of resonances in these calculations can have a great effect [9].

There have been extensive theoretical and experimental efforts made in probing the afore-
mentioned resonances. Despite the fact that the scissors resonance was first predicted over 40
years ago and discovered experimentally in 1984, there still remains plenty to learn about the
resonance. There have been several microscopic and macroscopic descriptions, but the most
persistent interpretation has been that the resonance stems from deformed neutron and pro-
ton distributions oscillating against each other in a scissors-like fashion. Microscopically, the
resonance is believed to originate from M1 transitions within high-j orbitals in deformed nuclei.

The pygmy resonance is interpreted as a neutron "skin" oscillating against a bound core, and
is typically observed in the energy region 5-7 MeV. The resonance has not yet been confirmed in
deformed samarium isotopes.

The discovery of the upbend was unexpected, as it contradicted established theories, and
still there is no macroscopic description of the resonance. The resonance typically follows an
exponential that starts below 3 MeV.

The results from this work for 153Sm revealed a clear scissors resonance, only not as strong
as expected. The results for 152Sm, did not reveal a prominent scissors resonance in the γ-ray
strength function. In 153Sm, the results from this work could indicate a resonance around 5
MeV, which is where the pygmy dipole resonance previously has been observed. In 153Sm, no
enhancement could be seen at those energies. In addition, this work was not able to affirm
the existence of the upbend in that nucleus. In 152Sm, however, the data indicated an upbend.
Therefore, these results could not conclude on the existence of the scissors resonance, the pygmy
dipole resonance and the upbend simultaneously in one nucleus.

Finally, the results were compared to data from Ref. [9] for 151,153Sm and for 154,155Sm from
Ref. [102]. The results from this work deviated significantly from that of Ref. [9]. However, the
results were consistent with those of Ref. [102], which also found a small scissors resonance in
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154Sm, and a remarkably featureless strength for 154Sm.
Compared with the results from Ref. [9], the scissors resonances in this work were weaker,

and an upbend could not be confirmed in 153Sm. The summed strength of the scissors resonance
in 153Sm was measured to be under half as strong as the scissors resonance measured in [9]. The
normalization procedure carried out in this work was based on a new approach concerning spin
distribution, new normalization parameters from Mughabghab [98], in addition to the data for
153Sm reaching almost up to the neutron separation energy. There is therefore reason to believe
the results for 153Sm are well founded, but the significant difference from Ref. [9] merits further
investigation. This makes upcoming experiments on samarium very interesting.

6.2 Outlook

Since the completion of the samarium experiment analyzed in this thesis, OCL has been equipped
with 30 new LaBr3(Ce) detectors making up a detector array called OSCAR. The improved
energy resolution of the LaBr3(Ce) detectors promises more accurate results. Following the
interesting results found for 152,154Sm in this work and from Ref. [102], two new experiments
are planned at OCL. Due to low statistics and covering a limited excitation energy region,
the obtained results are not completely reliable. By using a different reaction to probe the
nuclei, these shortcomingd will be corrected for. Using OSCAR, a 152Sm(p,p′)152Sm and a
154Sm(p,p′)154Sm experiment will be carried out in the fall of 2018. These (p,p′) experiments
will give data up towards the neutron separation energy for 152,154Sm, and will shed light on the
results obtained in this work.

There is also an experiment planned at the Argonne National Laboratory [105]. They will
implement the beta-Oslo method on neutron-rich 156−159Sm, yielding nuclear level densities and
γ-ray strength functions at low energies. This is the first time neutron-rich samarium isotopes will
be probed for these properties below the neutron separation energy. The experiment is, in part,
motivated by the findings in Ref. [9] and the authors suggestion that resonances could greatly
impact neutron-capture cross sections. This experiment could also substantiate the observations
made in this work.

The results from this work, at least for the reliable 153Sm, will be used to calculate the (n,γ)
cross section. Combined with the results from [9] and the upcoming experiment at Argonne,
these data would map the neutron capture rate for 151−159Sm, making the picture of the isotopic
chain quite complete.

At the time of the submission of this thesis, an experiment investigating the isovector GDR in
the samarium isotope chain is carried out at iThemba Labs. Expanding information on the GDR
in samarium is essential in order to improve the procedure of fitting data to models. In addition,
von Neumann-Cosel [64] is detailing the photo-absorption cross section for 154Sm, which will
provide insight into the energy region below Bn that this work was not able to investigate. If an
experiment were to be proposed for deformed samarium isotopes at the HIγS facility, it would be
advantageous for further investigation of the scissors resonance and its strength. At the facility,
the B(M1)SR could be investigated, yielding very reliable results.

All the future research planned on the samarium isotopes will most certainly give new per-
spectives on the results obtained in this work.
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