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(3)The goal of this work is to test the assumptions of a full spin population in the
 (p, p0)144,148,150Nd reaction and to study the scissors resonance as function of deforma-
 tion. The test is performed by extracting theγ-ray strength function (γSF) obtained with
 the Oslo method and compare with theγSF using a new method based on the previous
 work of Wiedeking et al. [1], [2]. This new method, the Slope method, exploits the ratio of
 the transition intensities feeding the 0+ ground state and the first 2+ excited state of the


144,148,150Nd isotopes. The experiment was performed at the Oslo Cyclotron Laboratory
 where144,148,150Nd were excited by a 16 MeV proton beam with a beam intensity of 2-5 nA
 in order to construct a particle -γ-ray coincidence matrix. The nuclear level density and
 γSF were extracted using the Oslo method. The same data set was also used in the Slope
 method to obtain the γSF. The study confirms that the full spin distribution of144Nd is
 approximately populated in the (p, p0) reaction at backwards angels. It is reasonable to be-
 lieve that this is also the case for the reactions on 148,150Nd. In addition, the Oslo method
 was performed to assess the strength of the scissors mode resonance around 3 MeV at the
 low energy tail of the giant dipole resonance. The scissors mode was clearly seen in the
 well-deformed 150Nd isotope, whereas the strength in the weakly-deformed 144,148Nd was
 small or non-existent.
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Chapter 1 Introduction


Nuclear physics is the study of the atomic nucleus, its structure, dynamics and interaction
 with other nuclei and particles. Even though, as one of the smallest constituents in the
 universe, it’s impact can be seen even on the macroscopic scale, from stellar environments
 and the subsequent elemental composition of the universe from processes such as the so
 called rapid neutron capture process (r-process). To other social applications such nuclear
 transmutation, energy, medicine - both diagnostic and therapeutic. One of the most infa-
 mous is likely the atomic bomb.


Nuclear physics began in the late 19th century, the discovery of radioactivity by
 Bequerel and Curie[3][4] prompted a new wave of research into the elements and their
 composition. This was followed by the proposal of the nucleus by Rutherford[5] in 1911
 after the meticulous experiment conducted by Hans Geiger and Ernest Marsden two years
 prior under Rutherford’s direction. Ruthertford later proposed that the nucleus also con-
 sisted of neutrally charged particles called neutrons to account for the total nuclear mass.


This new particle was later confirmed by James Chadwick in 1932[6] and the modern nu-
 cleus took form.


In parallel, with the birth of quantum mechanics a new understanding of physics
 on the microscopic scale came forth, the quantization and wave-particle duality gave rise
 to a new way of looking at the nuclei, its constituents and the nuclear interactions. New
 models arose such as the semi-empirical liquid drop model by Gamow and the Shell Model
 by Goeppert Mayer and Hans Jensen [7][8][9]. The filled shells predicted the nuclear magic
 numbers - tightly bound nuclei which are more stable against decay with a high shell-gap.


Today there is a number of theoretical combined microscopic-macroscopic models whose
 aim is to quantify the nuclear properties and interactions such as mass, nuclear charge dis-
 tribution, spin and parity, interaction cross sections and more.


In this work the nuclear level density (NLD) and γ-ray strength function (γSF)



(13)will be extracted. The NLD describe in short the number of levels available for a given
 energy, spin and parity in the nucleus while theγSF is a measure of the strength of the
 electromagnetic response of the nucleus for a given γ-energy. A new method will be intro-
 duced in order to extract the functional form of the γSF as function ofγ-ray energy. This
 method is based on the work of Wiedeking et al. [2, 10] that confirmed the low-energy en-
 hancement of theγSF observed by the Oslo group in [11]. In the present thesis we extend
 the method to detector systems with lower energy resolution and include specific spin-
 distributions of the primaryγ-ray transitions. The new method is called the Slope method
 and can be used to estimate the fraction of the total level density populated in the applied
 nuclear reaction. This will be compared to the neutron resonance spacing parameter [12]


which will be discussed later in the text.


A previous experiment has been performed at the Oslo Cyclotron Laboratory
 using the (d, γp0) reaction on144,148,150N d with beam energy of 13.5 MeV [13]. However,
 the reaction only populated states up to an excitation energy less than 4 MeV. Therefore,
 these studies were redone with the (p, p0) reaction with a beam energy og 16 MeV. The
 current (p, p0) experiment extend the excitation energy above the neutron separation en-
 ergy Sn with a higher spin population. The results of these experiments can hopefully be
 used for more precise calculations of reaction rates for ongoing research as they constitute
 an important part of the reaction rate calculations in stellar environments.


The γSF and NLD are examined as a function of deformation which increases
 with neutron number in the neodymium isotope chain with mass number A. Of special
 interest is the pygmy resonance at the low energy tail of the giant dipole resonance, the so
 called M1scissors mode located at Eγ ∼ 2-3 MeV. The scissors mode can be described as
 a collective motion of the nucleons in the nucleus where the neutron- and proton clouds
 oscillate towards each other like the blades of a scissor. The scissors mode is expected at
 high deformation further from the line of stability and it is of great interest to investigate
 the shape of the γSF as a function of the nuclear deformation.


This thesis presents the work in the following manner: In chapter 2 a theoretical
foundation will be given, in particular the appearance of nuclear shape and the Brink-Axel
hypothesis [14]. Furthermore, we describe the statistical gross properties of - NLD and
γSF with their components. Chapter 3 describes the experimental setup and the calibra-
tion methods used for the data. Chapter 4 presents how to extract the NLD, in particu-
lar the Slope method which is also compared to the neutron resonance spacing parameter
through the Oslo-Method. Finally in chapter 5 a discussion summarizes the results of this
work.
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Chapter 2 Theory



2.1 The Nuclear Volume - Deformation


Figure 2.1: The nuclear chart shown with theβ deformation parameter from ”the results
 of Hartree-Fock-Bogoliubov calculations D1S [15] Gogny [16] effective nucleon-nucleon
 interaction.”. The red lines represent the closed shell- magic numbers with zero defor-
 mation, from the ”AMEDEE”-database[17][18] The range shows the weakly deformed
 neodymium isotopes at A= 140−144, to the well deformed atA= 150.


As can be seen from the Fig. 2.1, the 144,148,150Nd isotope chain has an increasing prolate



(15)tion between vibrator at lower and rotor for higherN respectively [19, 20]. As the col-
 lective nuclear model of the even-even neodymium isotope chain is not the main topic
 of this thesis it only be introduced in short due to the expected relation between the β-
 deformation parameter and an increase in the pygmy-resonance at the low energy tail of
 the GDR called the M1 scissors resonance[21]. The following is a short description from
 Krane [22] who represents the vibrations and rotations by the spherical harmonics of a nu-
 clear surface that either rotates or vibrates about a spherical equilibrium position with a
 time dependent angular position:


R(t, θ, φ) =











Rav[1 +βY20(θ, φ)], Rotation
 Rav+P


λ≥1


P


µ≥−λαλµ(t)Yλµ(θ, φ) Vibration


(2.1)


where the β-parameter is a unit which describes of what magnitude an ellipse deviate from
 a circular shape by the measure of the difference in the axis ∆R as described with the
 Hill-Wheeler coordinates [23]:


β = 4
 3


rπ
 5


∆R


Rav. (2.2)


Figure 2.2: A frozen frame of a vibrating nucleus about a spherical equilibrium shape de-
 fined as the average coordinate Rav of the instantaneous time-dependent surface coordi-
 nate R(t). Figure taken from [22].


The vibrations are characterized by the vibrational modes depicted in Fig. 2.3.


As the nuclear volume is in-compressible the lowest mode is forbidden. The next mode -
the dipole is unobtainable from internal motion due to a shift in the center of mass. The
quadropole is therefore the lowest available vibrational mode that can occur without ex-
ternal action. The rise of triplet states in the vibrational nuclei is of further interest when
examining the nuclear level density in chapter 5.
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Figure 2.3: Snapshots of the first three valid vibrational modes of a nucleus. Figure taken
 from [22].



2.2 Nuclear Level Density


The nuclear level density describes the number of configurations - a group of states with
 the same total amount of protons, neutrons and energy [14], that the nucleus possesses for
 a given excitation energy, spin and parity. The available number of configurations for the
 nucleus increases exponentially with excitation energy as the nucleon pairs break.


The level density at a given excitation energy Ex, spin J and parity π is defined
 as:


ρ(Ex, J, π) = 1


D(Ex, J,Π), (2.3)


whereD(Ex, J, π) is the level spacing at the same given parameters as defined above.


The current nuclear level density model used in this work are the back-shifted
 fermi gas model (BSFG) and the constant temperature model (CT). The BSFG-model is
 an extension of the works of Bethe [24] which modeled the nucleus as a non-interacting
 fermi gas and by Gilbert and Cameron [25] wherein the derivation of the backshift and
 shell correction to match the pairing of odd/even number of nucleons and the shell closure
 effects is given. They present the nuclear level density formula as a separated function of
 the form:


ρ(U, J) =f(J)ρ(U) (2.4)


wheref(J) is the spin distribution function, with one free parameter the spin cut-off pa-
 rameter:


f(J, σ)≈ 2J+ 1


2σ2 e−J(J+1/2)/2σ2


., (2.5)



(17)byρ(U) is defined as:


ρ(U) = exp[2p


a(U−E1)]


12√


2σa1/4(U −E1)5/4, (2.6)


where U is the excitation energy,E1 is the backshift energy, a is the level density param-
 eter which is expected to be proportional to A and σ is the spin cut-off parameter which
 characterizes the spin distribution detailed in the section below.


The constant temperature model was proposed by Ericsson [26] who viewed the
 physical interpetation as the melting of nucleon pairs in a phase transition with approxi-
 mate constant nuclear temperature until the point where the nucleus could be treated as a
 fermi gas:


ρ(Ex) = 1


τe(Ex−E0)/τ, (2.7)


where Ex is the excitation energy and τ denotes the constant nuclear temperature together
 with E0 - both parameters determined by a so called pivot point/normalization at low ex-
 citation energy as described in Ref. [25].



2.2.1 The Spin Cut-off Formula


There were a total of four spin cut-off formulas available for testing in the Oslo software
 [27], namely the:


• The Rigid Moment of Inertia [28],[29]:


σ2 = 0.0146A5/31 +p


1 + 4a(U −E1)


2a , (2.8)


the level density parametera and shift parameter E1 are taken from systematics.


This view considers the nucleus as assuming a rigid-body value for the nuclear mo-
 ment of inertia.This spin cut-off formula was used in this work both in the oslo and
 slope method at the neutron separation energy, at excitation energies below Sn the
 following interpolation was performed to obtain the spin cut-off parameter:


σ2(Ex) =σd2+Ex−Ed


Sn−Ed(σ2(Sn)−σd2). (2.9)
HereEx is the excitation energy, Ed is the average energy in the region where the
discrete spin cut-off parameterσd was determined by discrete levels from [30]. These
values are given in Table. 4.2.
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• The Gilbert and Cameron Formula [25]


σ2 = 0.0888aT A2/3, (2.10)


where the temperature of the nucleus is defined as the square root of the ratio be-
 tween the excitation energy and level density parameter a, T =p


(U/a).


• The Constant Temperature Formula [31]


σ2 = (0.98A0.29)2, (2.11)


The constant temperature cut-off formula assumes there is no energy-dependency in
 the lower excitation range, this causes the ratio of the spin-distribution later applied
 in the slope method to be constant and was therefore not applied further.


• The Fermi Gas Formula [31]


σ2 = 0.391A0.675(E−P a0)0.312 (2.12)
 The resulting ratio of the spin distributions as a function of excitation energy
 between the 0+ ground state and the first excited 2+ state for144Nd can be seen in Fig.


4.4.



2.3 The Transmission Coefficient


The quantity that, in a simplified scenario, denotes the escape probability of a γ-ray in a
 nucleus, is defined as the transmission coefficient, denoted as 
τ
γ. It’s thought of as the nu-
 cleus returning to a configuration with a γ-ray at the surface of the nucleus which escapes
 through a specific channelα or, more often, is reflected back into another periodic motion
 [32]. By very definition this will then characterize the electromagnetic response for the de-
 cay of an excited nucleus.

It’s relation to the γ-ray strength function fXL(Eγ)is given defined as [33]:


TXL(Eγ) = 2πE2L+1fXL(Eγ) (2.13)
where L is the multipolarity and X the transition type, either electric or magnetic.
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2.4 The γ - Ray Strength Function


The extension of the γ-ray transition coefficient is the function that describes the average
 electromagnetic decay properties of the nucleus as a function of theγ-ray energy, Eγ. It’s
 defined as [34]:


fiλXLJ (Eγ) =


Γ¯JiλXLγ


Eγ2L+1ρ(Eγ), (2.14)


where X and L defines the electric or magnetic transition and multipolarity re-
 spectively and J denotes spin and parity in short form. ¯ΓJiλXL is the γ-ray partial width
 averaged over the specific states of given spin and parity andρ(Ei) is the average nuclear
 level density [34].In a more modern notation from [33]:


fXL(Ei, Ji, πi, Eγ) = hΓXL(Ei, Ji, πi, Eγ)iρ(Ei, Ji, πi)


Eγ2L+1 (2.15)


The simplified form is based on the assumptions made by Brink and Axel known
as the Generalized Brink-Axel Hypothesis. In [14] Brink assumes that - the photo-effect is
independent of the detailed structure of the detailed state, that is, the same energy depen-
dence with an energy translation shift.
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Chapter 3



Experiment and Data Acquisition


The current chapter will introduce the Oslo Cyclotron Laboratory, the experimental setup,
 method of data-acquisition and the offline calibration process to obtain a final set of data
 necessary for the Oslo -and Slope Method described in chapter 4.



3.1 The Oslo Cyclotron Laboratory


The experiment was conducted at the Oslo Cyclotron Laboratory (OCL) at the Depart-
 ment of Physics, University of Oslo. An illustration of the facility is shown in Fig. 3.1.


In the present experiment a 16 MeV proton beam was used with the Scanditronix MC35
Cyclotron, operating at a beam current within 2-5 nA exciting the 144,148,150Nd isotopes
by the (p, p0) - reaction. The ejectile andγ-ray from the decay of the excited nucleus was
measured in coincidence using the combined Oslo Scintillating Array (OSCAR) and the
Silicon particle telescope Ring (SiRi).



(21)Figure 3.1: An overview of the Scanditronix MC35 Cyclotron and beamlines. The targets
 are located at OSCAR[35].



3.1.1 Setup


The present experiment was the first one using a full OSCAR array, a new target cham-
 ber and modern digitizers for detector read-out. The 144,148,150Nd targets were of self-
 supporting foils of ≈ 2mg/cm2 thicknesses and were glued to Ta-frames. Each frame was
 attached to a rotating wheel by a flat spring. The wheel, which has six positions for the
 target was electrically grounded to the beam pipe to avoid collection of charge. Informa-
 tion on the positions and targets are listed in Tab. 2.1 where the28Si target were used for
 calibration.


Table 3.1: Target wheel configuration and Nd-target characteristics.


Position Isotope Thickness mg/cm2 Composition %


1 Viewfinder - Quartz


2 150Nd 2.0 97.56


3 148Nd 2.0 95.44


4 144N 2.0 97.3


5 28Si ∼ 4mg/cm2 natural


The target wheel was then enclosed together with the SiRi particle telescope sys-
tem inside a spherical target chamber with plastic domes at top and bottom. SiRi was
directed at backward angles from 126◦ to 140◦ with a center angle of 133◦ with respect to
the beam direction. The choice of measuring in backwards angles were to minimize the
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contribution from the eleastic (p,p) channel and to obtain a broad spin distribution with
 the draw-back of less cross section. The outer setup of the reaction point consisted of a
 spherically distributed array of cerium doped lanthanum-bromide scintillator detectors
 (LaBr3(Ce)) which measure γ-rays from the decay of the excited nucleus in coincidence
 with the charged ejectile measured by SiRi.


The geometric surface area covered by the LaBr3 detectors equal the ratio of ac-
 tive detector-area to the total spherical area at the same detector distance giving:


ROSCAR = Ndet∆Ω


Ω = NdetA


4πR2 , (3.1)


whereNdet are the number of detectors. SiRi has 64 and OSCAR has 30 detectors. The
 detectors have an area A in a distance ofR from the target. The corresponding coverage
 of SiRi and OSCAR is ROSCAR = 54.2% andRSiRi = 8%.


Figure 3.2: Top view of the target area with some properties of SiRi and OSCAR (not to
 scale).



3.1.2 SiRi


The SiRi particle telescope system is a two stage ∆E −E detector used to tag the exci-
tation energy of the target nucleus. The procedure consists of measuring the energy de-
posited in each detector layer and assuming a small correction due to the blocking of δ
- electrons1 by the use of aluminum foil, the particle can then be identified through the
characteristics of the Bethe-Block equation [36] (3.2) by using the ∆E stage as a second
equation to uniquely identify the ejectile. The additional energy loss due to the Al-foil for
δ-electrons and the recoil of the target are included in the kinematic calculations using



(23)Qkinz [37].


Figure 3.3 illustrates the operation and procedure of assigning ∆E and E parti-
 cle events into a particle matrix for the telescope detector. The scattered particle, protons,
 enter the ∆E detector before entering and stopping in the E-detector. This particle ma-
 trix shows characteristic particle ”bananas”, each distinct particle stopped in the detector
 telescope forms a part of one of the three unique bananas given it’s type as seen in , here
 labeled as (p), (d) and (t)


Figure 3.3: A sketch of the particle telescope-system together with the particle matrix for


150Nd showing how the particle matrix is filled. Figure is not to scale.


SiRi consists of 8 curved ∆E detector strips for each of the 8 E - detectors with
 an angular distribution from 126◦-140◦ with a 2◦ width at 5cm from the target. The total
 array of 8 E - detectors form a symmetrical cone in backward angles relative to the beam
 direction, see Figs. 3.4 and 3.5. To shield theδ - electrons a 10.5µm thick aluminum foil
 covers the ∆ E- detectors. [38]


1Theδ-electrons/rays - high energy electrons produced in the reaction that can traverse the target-to-
detector-length.



(24)CHAPTER 3. EXPERIMENT AND DATA ACQUISITION 3.1. THE OSLO CYCLOTRON LABORATORY


Figure 3.4: The SiRi particle telescope with
 readout strips[38].


Figure 3.5: One of the in total eight trape-
 zoidal ∆E detector-plates of SiRi, illustrat-
 ing the angular distribution of the detector
 strips[38].


The Bethe-Block equation, which can be studied in detail in [36], defines the
 mean energy loss per unit distance traversed in a medium for a charged particle and is in-
 tegral for identification of the particle in the telescope system. The Bethe-Block equation
 assumes a different form for (e, e0) - reactions. There is no distinction between projectile
 electrons and electrons in the target atom thus the maximum energy transfer can be half
 the total energy of the projectile, in addition to other effects [39].


− hdE


dxi= 2πNar2emec2ρZz2


Aβ2[ln(2meγ2c2β2Wmax


I2 )−2β2], (3.2)


where the symbols of the equation are defined as follows



(25)Table 3.2: Overview and description of symbols used in the Bethe-Block equation 3.2 with
 their respective values.


Symbol Description


Wmax The maximal kinetic energy transfer.


Z Atomic number of the target.


z Atomic number of the projectile.


A Mass number of the target.


ρ Density of the target.


me Mass of electron.


Na Avogadros constant, 6.022×1023mol−1.


re The classical electron radius, 2.8179×10−15m.


I The mean excitation potential.


β v


c Fraction of the particles speed to light.


γ 1


p(1−β2) The Lorentz factor.



3.1.3 OSCAR


The basic operation of a scintillating detector is to convert the energy of a charged par-
ticle or photon into light through an emission of photons after excitation of the crystal
material. The light produced is then sent through a photomultiplier tube (PMT) which
strongly amplifies the signal. The PMT is a vacuum tube which consists of a photocath-
ode that turns the light produced by the scintillator crystal into electrons which then are
multiplied by several dynodes with step-wise reduced voltages until the signal is read out
at the anode.
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Figure 3.6: The OSCAR detector array. Inside the target chamber at the center of OS-
 CAR, the SiRi particle system is mounted.


The Oslo scintillator array consists of 20 hexagonal and 10 pentagonal Cerium
 doped, Lanthanum Bromide (LaBr3:Ce) cylindrical inorganic scintillator detectors with
 an 8” height and 3.5” diameter opening(20.32×8.89 cm2). The given energy resolution for
 1332 keVγ-rays from 60Co are 2.1% which is much better compared to the 5.4% NaI [40]


which has been replaced at the OCL. Furthermore, the LaBr3 has a much better timing
than the previous NaI detector, with a 1/e decay-time of 16 ns versus 250 ns. The array
is mounted on a metal hexagonal and pentagonal frame, (Fig. 3.6) where the distances
from the detector surface to the event site is 16.3 cm and 17.0 cm for the hexagonal and
pentagonal frames respectively. This gives an average distance of 16.53 cm, with aθ,φ
angular distribution at two distances from the target center given in the table below:



(27)Table 3.3: Geometrical properties of OSCAR derived from the GEANT4 simulation docu-
 mentation at the OCL [41].


Frame Angle (θ◦) Azimuth(φ◦)


Pentagon 0, 63, 117, 180 0, 36, 72, 108, 144, 180,


216, 252, 288, 324


Hexagon 37, 79, 101, 143 0, 36, 72, 108, 144, 180,


216, 252, 288, 324, 360



3.2 Data Acquisition and Validation


The Pixie-16 Digital Gamma Finder (DGF) is at the heart of the OCL’s data acquisition
 hardware. A detailed documentation is given in [42] and a brief summary is presented
 in this section. The DGF reads and converts the continuous analog electric signal into a
 discrete subset of digital points through the analog to digital converter (ADC) as is illus-
 trated in Fig. 3.7 below.


Figure 3.7: Illustration of directly digitizing the signal from the pre-amplifier together with
 the time length and gap definition. Illustration is taken from [42].


After the ADC the Field Programmable Array (FPGA) performs the pulse pro-
 cessing by applying fast and slow filter for triggering and pulse height respectively, the
 slow filter uses a fixed filter length and no weighting relative to the gap distance Fig. 3.8.


Pile up, which are artificially high signals due to signal overlap, are checked by the slow
filter for the peak-separation time in the fast filter.
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The data recording was performed in the following manner - each detector strip
 and back detector in the SiRi particle telescope together with each scintillator in the OS-
 CAR had their own signal output channels, 64, 8 and 30 respectively. These output chan-
 nels are handled by XiA’s Pixie16 digital pulse processor where the sampling frequency
 were 250 and 500MHz for the SiRi and OSCAR detectors respectively. The pulse pro-
 cessor required a validation signal, a signal that generates the process of an event being
 recorded, from the E-detector in the SiRi particle telescope system to register events.


When this signal was received the pulse processor read 1µs forward and backwards and
 registered all events within this timeframe. The data are then sent in 2GB data-files to
 offline storage for further processing and calibration.



3.3 Particle Calibration


The SiRi particle telescope must be calibrated in two regards, energy and time. The cal-
 ibrated data are then used in sorting routines in order to create the appropriate spectra
 with specific criteria. The sorting procedure will be explained in more detail later in this
 chapter. Firstly the energy calibration will be discussed.



3.3.1 Energy Calibration


Figure 3.8: Uncalibrated ∆E-E particle matrix for144Nd. The red circles show the (p,p’)
and (p,t) reaction ground states used as calibration points for the gain and shift. This ma-



(29)Figure 3.9: The same matrix as in Fig. 3.8, but calibrated with appropriate shift and gain.


The ground state of the (p,p’) reaction is now correctly at the energy of the elastic peak
 from the proton beam energy of 16 MeV.


The SiRi particle telescope calibration consists of adjusting the measured energy spectra
 by the following equation:


E(ch) = a0+a1ch, (3.3)


where a0 and a1 are called the detector shift -and gain parameters respectively. Here we
 asume a linear response of the semiconductor detector. Since this is a linear equation we
 need two points in order to properly determine a0 and a1. In this work we have exploited
 the (∆ E,E) pixels of the ground states of the (p,p’) and (p,t) reactions outlined in Fig.


3.8. These two values form two equations with the shift and gain as two unknowns of the
 form in 3.3, this can be solved as follows:


x‘a=a0+a1xa, (3.4)


x‘b =a0+a1xb, (3.5)
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giving:


a0 =x‘a−xa


x‘b−x‘a


xb−xa, (3.6)


and


a1 = x‘b−x‘a


xb−xa, (3.7)


The function values xa (p,p’) and xb (p,t), are retreived from the kinematics calculator
 named Qkinz[35]. It simulates the expected ejectile energy from the Q-reaction value
 which is translated and plotted as deposited energy for each detector strip (126◦-140◦).


The script that handles the extraction of the uncalibrated values is called


”peaks2D.C” and is written by Alexander B¨urger for use in the ROOT framework. It
 consists of clicking in the individual ∆E-E spectra for each strip - back detector combi-
 nation (64 in total) where the weighted mean of the 20 highest bins in the zoomed area is
 found and written to file. An example for one ∆E-E detector strip is shown in Fig. 3.10.


The separation of the peaks are due to the effect known as channeling where the particles
 traverse within the crystal structure depositing less energy creating the parallel peaks at
 lower energies.


Figure 3.10: Example of the two average values found by the ”peaks2D.C” program for
the (p,t) peak in back-detector 2, front-strip 0. The cross shown in magenta was found to
be most reliable and consists of the weighted mean of the 20 highest bins in the zoomed
area.
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3.3.2 Time Calibration - Shifts


The time calibration for the particle events consists of a basic shift subtracted to the
 recorded arrival of the E-detectors event signal. The subtraction was done manually by
 inspecting the peak position relative to origin in ROOT as shown in Fig. 3.12.


Figure 3.11: A time spectrum for a single E-detector.


The new shift values are then applied through a new iteration in the sorting pro-
 cedure by sorting and reading the raw data. A typical pre-calibrated and calibrated time-
 matrix is shown in Fig. 3.13-14:


Figure 3.12: Uncalibrated E-detector -
 time matrix.


Figure 3.13: Calibrated E-detector -
 time matrix.



3.4 Scintillator Calibration


The LaBr3:Ce scintillator data was calibrated off-line by much the same method as the
 SiRi data. Both energy and time was necessary in order to properly ensure event coinci-
 dence between particle and γ-rays for later analysis.


• Insert screengrab as an example of the peak fit used with mama to find the peak
centroid used for the shift and gain calibration.
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3.4.1 Energy and Time Calibration


The methology for the energy calibration for the scintillator data was much the same as
 for SiRi, although there is 30 distinct scintillator detectors and the energy response was
 assumed as a non-linear function at higher energies (channels) with a response given by:


E =a0+a1ch+a2ch2, (3.8)


where the constantsa0,a1 and a2 are shift and gain parameters, respectively. These con-
 stants were determined by measuring four points in the LaBr3 detector-id - intensity ma-
 trix after projecting down each scintillator to get the individual energy-intenstiy matrixes.


To measure these points the matrix was first converted into the standard .m (matrix)
 format used by the matrix manipulation program, MaMa, developed as part of the Oslo
 Method Software [27].


The points used for calibration were the followingγ-decays of:


• 28Si


1. 1778.969keV
 2. 2838.29keV


• 144,48,50Nd


1. 511keV Annihilation peak
 2. 6128.63keV16O contaminant.


MaMa has a built in function named ”fit spectrum”, ftN, which fits a function to N-peaks
 in a given interval in the spectrum which outputs the centroid of the peak in clear text.


This centroid is later passed on to the MaMa script named ”funcfit” which takes the val-
 ues obtained from the peak-fit and solves for the shift and gain coefficients as a set of
 equations.


A uncalibrated example of one of the in total 30 LaBre spectrum for150Nd with a
highlighted area of theγ-decay of the 16O contaminant in 150Nd is shown in Fig. 3.15



(33)Figure 3.14: 150Nd LaBr3 energy spectra slice with 16O peak and single escape.


Each single of the 30 scintillation detectors of OSCAR is calibrated with a time
 shift relative to the 64 ∆E-detector strips of SiRi to obtain proper coincidence. This task
 is performed by the ”time fit all.cpp” script written at OCL by Frank Leonel B. Garrote,
 which runs in ROOT and outputs all 64x30 time centroids by running a gaussian fit on
 each peak and looping over all 64 ∆E-strips for each LaBr3 detector in succession after
 projecting down in the detector-time matrix. One such calibrated projection is shown in
 Fig. 3.15 with the total OSCAR in Fig. 3.16:


Figure 3.15: Single LaBr3 detector time projection.
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Figure 3.16: OSCAR time matrix.



3.5 Coincidence - Gating on the Events


The sorting of the final data for later unfolding and extraction of the primaryγ-ray matrix
 is done by so-called cuts - a graphical sectioning of data in the ROOT canvas which is ex-
 ported in .root format. These cuts were created to define the borders of the final dataset.


The sorting uses a nested for-loop where there are three conditions for the event to be
 sorted.



3.5.1 Cuts and Sorting


The first requirement in the final sorting is the basic requisite of the experiment - the reg-
 istered events must be the inelastic (p,p’)-reaction and the graphical cut in Fig. 3.17 sorts
 out all events that does not belong to this category by simple comparison of inside vs.


outside.



(35)Figure 3.17: Particle telescope ∆E-E energy-matrix.


The second requirement cut used is the E-detectors energy-time matrix as shown
 in Fig. 3.18, this ensures the that only the prompt particles are included.


Figure 3.18: Particle energy-time matrix.


The third and final requirement is shown in Figs. 3.19, 3.20 which corresponds to
the prompt and random events respective to time. The sorting routine either subtracts or
adds to the final dataset or background respectively dependent on the timing. If the event
is not prompt it belongs in the background.
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Figure 3.19: Energy-time LaBr3 matrix
 with cut on the prompt time.


Figure 3.20: Energy-time LaBr3 matrix
 with cut on the random time.



3.5.2 Coincidence Matrices


Figures 3.21, 3.22 and 3.23 show the particle -γ-ray coincidence matrices for 144,148,150Nd.


The detected γ-ray energy and the excitation of the nucleus forms the x- and y-axis, re-
 spectively. These matrices are valid for the given calibration up to the neutron separation
 energy Sn. Since the outgoing neutron above Sn is not detected, the excitation energy of
 the A−1 nucleus can not be determined. TheEγ = Ex diagonal represents the direct de-
 cay to the 0+ ground state. A second diagonal representing the direct decay to the first
 excited 2+ state is clearly seen in144Nd. We will later utilize the 0+ and 2+ diagonals in
 the new Slope Method.


Several contaminants were seen in the coincidence matrix which were identified
mainly as40Ca and it’s isotopes which can be seen forming a new ground state diagonal
close to the first excited 2+ of neodymium. There is in addition to some occurences of16O
atEγ ∼ 6.1 MeV and 12C at Eγ ∼ 4.4 MeV in their first excited states.



(37)Figure 3.21: The (Ex, Eγ) matrix of 144Nd.


Figure 3.22: The (Ex, Eγ) matrix of 148Nd.
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Figure 3.23: The (Ex, Eγ) matrix of150Nd.



3.6 Unfolding


The response signal of a detector would ideally be a full energy peak, but in reality the
 signal generated depends on the interaction of the traversing radiation with the detec-
 tor material. In particular for the scintillator detector the Compton scattering, pair-
 production, and photoelectric effect all contribute to create the real-world spectrum ob-
 served in every non-infinite scintillator. These again subdivides respectively into backscat-
 ter and annihilation peaks in addition to single and double escape up to the full energy
 peak.



3.6.1 The Folding Iteration Method


The unfolding procedure utilizes the folding iteration method and the following Compton
 subtraction method which builds upon the iteration method. The methods explained in
 short here is derived from and detailed in full by Guttormsen et al. [43] and it’s references
 therein. The purpose of the methods are to subtract the characteristic detector compton
 background and peaks after unfolding and achieve the true full energyγ-ray spectrum of
 the decay-process measured by the scintillator.


In order to properly evaluate the detector response it’s necessary to measure the
monoenergeticγ-decay of known sources, subtract all peaks from the spectrum and inter-



(39)sponse function denoted by:


R(E, Eγ), (3.9)


where E is the energy deposited in the detector and Eγ is the incidenty γ-ray energy. The
 derivation of this interpolation can be seen in [43] whereof Fig. 3.24 shows where the in-
 terpolation from the measured response functions are hooked at the beginning and end to
 create a widening curve with a θ dependence for intermediate energies as expected from
 the Compton effect.


Figure 3.24: Illustration of the method of intepolating from the measured response func-
 tion used in the unfolding method [43].


The folding iteration method uses a compact notation by denoting R as a matrix
 Rij with responce in channel i and γ-ray energy j, as given in (3.9) with the normalization
 condition of:


X


i


Rij = 1, (3.10)


that is - the sum of each response functions over all channels equals 1. Following this the
 definition of the folded spectra is given by:


f =Ru, (3.11)
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whereu and f is the unfolded and folded spectra respectively for each channel i. The trick
 is to use a test spectrum as the unfolded namely the observed spectrumr and iterate un-
 til convergence is met between the n’th folded spectrum fn and the observed spectrum as
 shown in [43]:


1. by assuming the observed spectrum as a trial function for the unfolded spectrum


u0 =r, (3.12)


2. the folded spectra is then calculated:


f0 =Ru0, (3.13)


3. the difference in the observed and first iteration of the folded spectrum is added to
 the initial trial function


u1 =u0 + (r−f0) (3.14)


4. this procedure is then iterated until the folded spectrum f and observed spectrum r
 converges


fn ≈r, (3.15)


where n is the iteration index.



3.6.2 The Compton Subtraction Method


Following the folding iteration method a new reference point is created with the unfolded
 spectrum u0 and the following spectra are defined:


v(i) =pf(i)u0(i) +w(i), (3.16)
 which is the Compton contribution subtracted from the observed spectrum described in
 form by the unfoldedγ-ray spectrum multiplied by the normalized probability of an event
 beloning to the full energy contribution of the spectrum -pf(i)u0(i). The last term w = us
 + ud + ua, adds the structure of the peak contributions from single- and double escape
 and annihilation processes respectively. These are again given by:


us(i−i511) = ps(i)u0(i), (3.17)
where once again u0 is the unfolded spectrum and ps is the normalized probability of an
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ud(i−i1022) =pd(i)u0(i), (3.18)
 and lastly for the annihilation peak:


ua(i511) =pa(i)u0(i), (3.19)
 The extraction of the Compton background can then be done by the relation:


c(i) =r(i)−v(i). (3.20)


It is assumed that this backround spectrum is slowly varying with respect to energy
 and can therefore be smoothed i.e. loss of resolution by widening since there are no pro-
 nounced structures to lose. This smoothed spectrum is subtracted together with the other
 peak structures contained within w from the observed spectrum r and normalize by the
 full energy probability pf:


u(i) = [r(i)−cs(i)−w(i)]/pf(i), (3.21)
 where cs denotes the smoothed compton background. The final step is to correct the dis-
 tribution of γ-rays by correcting for the totalγ-ray detection efficiency which is energy
 dependent:


U(i) =u(i)/ηtot(i). (3.22)


Other factors should be considered which is dependent on the experimental set-up and can
 be read in detail in [43]. The procedure described was applied to the Eγ-Ex matrices for a
 total of 300 iterations to obtain the unfolded spectrum for further analysis, the results are
 seen in Figs. 3.25, 3.26 and 3.27 and produced by converting back to ROOT format [44]


from MaMa [27] thanks to a script provided by Ann-Cecilie Larsen at the OCL.
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Figure 3.25: Unfolded (Ex, Eγ) matrix of144Nd


Figure 3.26: Unfolded (Ex, Eγ) matrix of148Nd



(43)Figure 3.27: Unfolded (Ex, Eγ) matrix of 150Nd



3.7 Extracting the First Generation Matrix


The unfolded coincidence matrix cointains allγ-transitions in the cascades, in order to ob-
 tain the level density and γ-ray strength function (also known as radiative strength func-
 tion) the only decays of interest are the primary γ-rays from a given excited state. This
 is performed with the method of extracting the first generationγ-ray matrix from the un-
 folded coincidence matrix. The brief overview presented in this work is taken from the full
 description by Guttormsen et al. [45] and references theirein and is based on the coinci-
 dence measurements described previously in this chapter.


One of the fundamental assumptions the method built upon is that the popu-
 lated states after the first ( or primary)γ-transition have the same decay properties as
 if populated directly at the same excitation energy in the particle reaction as shown in
 Fig. . This is assumed to be fulfilled at high level density where the nucleus becomes a
 compound-like system [45]


In the following the excitation energy regions are divided into bins denoted byfi
 where the highest excitation energy is in the initial bin positioni = 1, the first generation
 spectrum is denoted by h and is estimated by the relation


h=f1−g, (3.23)
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Figure 3.28: The spectrum is the same after the initial decay as if populated directly at
 the same excitation energy, figure taken from [46].


where g is the weighted sum of all of the underlying spectra:


g =X


i


niwifi. (3.24)


The two coefficients wi and ni requires definition -wi represent the probability of decay
 from the highest excitation bin 1 to bin i and thus it’s sum must be given by:


X


i


wi = 1, (3.25)


which is equivalent to the relative branching ratio at the given bin. It’s determined from
 an iteration proceure where a trial function for wi is applied, the first generation spectrum
 h is produced wherebyh then is transformed to a new iteration of wi by the response
 function of the detectors and it’s area normalized to 1. This iteration method then pro-
 ceeds untilwi converges.


The coefficients ni are used as a normalization criteria where the product be-
tween the area under each spectrum fi multiplied with the coefficient ni equal the same
number of cascades, it represents the difference in population cross sections at the excita-



(45)tion bin fi. It can be normalized in singles or multiplicity:


The singles particle-cross section is proportional to the number of populated
 states and to the number of cascades as defined above. By measuring two cross-sections
 S1 and Si at the highest excitation energy bin and bin i respectively the normalization fac-
 tor is then:


ni = S1


Si. (3.26)


The multiplicity normalization is derived from the singles particle cross-section by the re-
 lation given in (3.26). If the average multiplicityMi of bin i is known and noting the that
 the average multiplicity of all cascades in bin iis given by the relation of the excitation
 energy divided by the averageγ-ray energy carried by the γ-rays.


hMi= Ei


hEγi. (3.27)


By additionaly noting that the total number of counts equal the area under each excita-
 tion bin fi, denoted asA(fi) then Eq. (3.26) takes the form of:


ni =MiA(f1)/M1A(fi), (3.28)


The method of multiplicity normalization is used as the extraction of the first
 generation γ-rays occurs in the area of approximately 4 MeV toSn with high level den-
 sity with the assumption of the characteristics of a compound nucleus. The resulting first
 generation matrices are shown in Figs. 3.29, 3.30 and 3.31 below.


Figure 3.29: The first generation matrix for 144Nd.
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Figure 3.30: The first generation matrix for 148Nd.


Figure 3.31: The first generation matrix for 150Nd.


These matrices form the basis of further work both for the Slope- and Oslo
method by extracting the intensity and nuclear level density and transmission coefficient
respectively.
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Chapter 4



Extracting the γ SF and NLD: The Oslo and Slope Method


The two methods presented in this work are the Oslo and Slope Method where the latter
 is the main focus of this work in order to evaluate the assumption of a total spin popula-
 tion in the inelastic (p, p0) - reaction.



4.1 The Slope Method


The method is used to derive the functional form of the γ-ray strength function, unlike the
 the Oslo Method the Slope method is not normalized and instead builds upon theγSF of
 the ground and first excited state of the nucleus in the quasi-continuum region to preclude
 contributions from deterministic decay. As all three nuclei are even-even the ground state
 and first excited state are 0+ and 2+. The ratio method which this work is built upon is
 first shown by Wiedekinget al. [1], where the γSF is given by:


f(Eγ)≡fJπ(Eγ) = ΓJπ(Ei, Eγ)ρJπ(Ei)


Eγ2λ+1 , (4.1)


the equivalence comes from the generalized brink hypothesis. By applying the proportion-
 ality between the intensity of the primary transitions in the diagonalsD to the final bin j
 denoted byNDj(Ei) to the sum of the partial radiation width from excitation bin Ei and
 finally assuming the dominance of dipole transitions,λ = 1, the intensity can be given as:


NDj(Ei)∝X


Jπ


σJπ(Ei)pDj(Jπ, Ei)ΓJπ(Ei, Ei −EDj)ρJπ(Ei), (4.2)



(49)where σJπ(Ei) is the level population cross-section with a given spin and parity. The spin
 distribution in the quasi-continuum is given in Eq. 2.4, where we now definepDj(J, Ei) =
 f(J, σ(E)) and is introduced to account for the increased number of transitions avail-
 able to the first excited 2+ state with respect to the 0+ ground state. The summing in-
 dexJπ runs over all states populating the final state by dipole transition1 The expression
 Ei−EDj can be simplified to Eγ - the energy carried by the γ-ray from the transition. By
 using the relation given in Eq. (4.1) this can finally be expressed as a function of γSF:


NDj ∝f(Eγ)Eγ3X


Jπ


σJπ(Ei)pDj(Jπ, Ei), (4.3)


solved for the strength function:


f(Eγ)∝ NDj
 Eγ3P


JπσJπ(Ei)pDj(Jπ, Ei). (4.4)
 The original work by Wiedeking is model independent, this work introduces a spin-


distribution model dependency for the g.s. and first excited state. The ratio of the γSF
 of the same initial excitation energyEi is then given by:


R= f(Eγ1)
 f(Eγ2) =


ND1
 Eγ13 P


JπσJπ


1(Ei)pD1(Jπ, Ei)
 ND2


Eγ23 P


JπσJ2π(Ei)pD2(Jπ, Ei)


(4.5)


Using the final notation where the ratio builds upon the 0+ ground state and 2+ first ex-
 cited state diagonals:


R= f(Eγ1)


f(Eγ2) = ND1Eγ23 P


Jπσ2+(Ei)p2+(Jπ, Ei)
 ND2Eγ13 P


Jπσ0+(Ei)p0+(Jπ, Ei) (4.6)
 The σ0+ and σ2+ are unknown observable in our experiment . However, the single-particle
 cross section is rather constant for excitation energies above 4-5 MeV. With the assump-
 tion that we have a flat cross-section with respect toJπ, we write:


R= f(Eγ1)


f(Eγ2) = ND1Eγ23 P


Jπp2+(Jπ, Ei)
 ND2Eγ13 P


Jπp0+(Jπ, Ei) (4.7)
 This ratio forms the basis of the ”sewing” performed for each successive excitation bin
 where the referencei = 1 around 4 MeV which then iterates up to Sn. Each ratio is used


1For example a 0+ state may be fed by states with 1+ and 1− and a 2+ state may be fed by states
with 1+, 1−, 2+, 1−, 3− and 3+.
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