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ABSTRACT 

SURVEY OF NEUTRON SPECTROSCOPIC FACTORS AND ASYMMETRY 

DEPENDENCE OF NEUTRON CORRELATIONS IN TRANSFER REACTIONS 

By 

Hiu Ching Lee  

 

Transfer reactions have been used as an experimental tool to obtain abundant 

spectroscopic information for stable nuclei in the past half-century. With the advance of 

high intensity radioactive beams, transfer reactions can be used in the same spirit to 

explore the structures of exotic nuclei, where dramatic changes in nuclear structure have 

been observed near the drip lines.  

This thesis work is partly motivated by the revived interest in transfer reactions 

using rare isotope beams. The first part of this dissertation describes the survey of 

spectroscopic factors extracted from an extensive amount of data on single neutron (p,d) 

and (d,p) transfer reactions on stable isotopes from Lithium to Nickel. Utilizing the 

global optical model potential, Chapel-Hill 89, and the conventional single-particle 

geometry in the adiabatic distorted wave approximation (ADWA) model, the measured 

ground-state and most excited-state neutron spectroscopic factors for nuclei with ≤ ≤ 

28 agree with the predictions from large-basis-shell-model to better than 30%. The 

established systematics provides an essential framework to analyze the structural 

information obtained from transfer reactions for both stable and exotic nuclei. The 

suppression of spectroscopic factors from shell model values due to nucleon-nucleon 

correlations is explored by using different optical model parameters and single nucleon 

bound state geometry. For most nuclei, the neutron ground-state spectroscopic factors are 



 

reduced by about 30% compared to large-basis-shell-model predictions if the ADWA 

reaction model uses transferred-neutron bound state and microscopic Jeukenne, Lejeune 

and Mahaux (JLM) nucleon-target optical potential geometries constrained by Hartree-

Fock calculations. The magnitude of reduction is similar to that obtained in (e,e’p) 

measurements near the closed shells. 

The neutron-proton asymmetry dependence of the reduction in the spectroscopic 

factor is related to the neutron-neutron and neutron-proton correlations. The experimental 

efforts in this dissertation are dedicated to the study of the asymmetry dependence of 

neutron correlations through spectroscopic factor measurements using (p,d) neutron 

transfer reactions with proton-rich 
34

Ar and neutron-rich 
46

Ar radioactive beams in 

inverse kinematics. The kinematically complete experiments use a high resolution silicon 

strip array to detect the deuterons in coincidence with the recoil residues detected in a 

mass spectrometer. The experimental results show little reduction of the ground-state 

neutron spectroscopic factor of the proton-rich nucleus 
34

Ar compared to that of neutron-

rich 
46

Ar. The results suggest that correlations, which generally reduce such 

spectroscopic factors, do not depend strongly on the neutron-proton asymmetry of the 

nucleus in this isotopic region. The results are consistent with the systematics established 

from the extensive studies of spectroscopic factors from transfer reactions. They are, 

however, contradictory to the strong dependence obtained in knockout reactions. Our 

new results pose intriguing questions about the reaction mechanisms of transfer and 

knockout reactions as well as the nature of neutron correlations in nuclei with extreme 

isospin asymmetry. 
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Chapter 1 

Introduction 

1.1 Nucleon correlation in shell structure and spectroscopic factor  

One of the basic aims of fundamental science is to understand the properties of matters 

that make up the universe. All terrestrial substances are composed of atoms. At the core 

of an atom, surrounded by electrons, lies the nucleus. Protons and neutrons are the basic 

building blocks of the nucleus. Properties of all isotopes are determined by the number of 

protons and neutrons. The number of protons in a nucleus (Z) establishes the chemical 

identity of the element. A variety of isotopes of a specific element are formed from 

different numbers of neutrons (N). The possible N/Z ratio of an isotope depends on the 

nature of the nuclear force which binds the protons and neutrons in the nucleus. About 

300 stable isotopes, with large binding energies, exist in nature.  

Figure 1.1 displays the chart of the nuclei with proton number and neutron 

number [ISF]. The region with black squares represents the stable isotopes, called the 

valley of stability. As the N/Z ratio decreases (proton-rich) or increases (neutron-rich), 

compared to the stable isotopes the nuclei are unstable and decay towards the valley of 

stability. These observed short-lived exotic isotopes are shown in green in Figure 1.1.  

One of the ultimate goals in nuclear physics is to determine the limits within 

which nucleus can exist or the exact positions of the proton and neutron drip lines in the 

nuclear chart. Since the nucleosynthesis processes, for instance r- and rp-process, take 

place in regions of extreme N/Z ratios as indicated in Figure 1.1 [Wal81,Cow91,Sch98], 
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understanding the properties of exotic nuclei near the drip lines is of critical importance 

and would offer new glimpses into the origin of the elements in the universe. 

 

Figure 1.1: Chart of the nuclei with proton number and neutron number. Stable 

isotopes are shown in black while the observed unstable nuclei are shown in 

green. Dashed lines indicate the conventional magic numbers. Nuclei relevant in 

the astrophysical rp- and r- processes are also indicated (adopted from [ISF]). 

 

In 1930s, the gross feature of nuclear binding energies for stable isotopes was 

successfully described by the Bethe-Weizsacker Formula [Boh75]. This simple 

macroscopic approach based on the liquid drop model includes the volume, surface, 

Coulomb, pairing and proton-neutron symmetry effects in a nucleus. A systematic 

comparison of experimental nuclear binding energies to predictions reveals periodic 

deviations where unusual stabilities arise from nuclei with numbers of neutrons or 

protons at 8, 20, 28, 50, 82 and 126 [Mye66,Boh75]. Such observation can be 

rp -process r -process 

Observed nuclei 

Stable nuclei 
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satisfactorily explained by the shell model of atomic nuclei proposed by Mayer and 

Jensen [May60], for which they shared the 1963 Nobel Prize for Physics. The shell model 

has been immensely robust and successful in describing both systematic and specific 

features of nuclear structures. The simplest shell model, often called the Independent 

Particle Model (IPM), requires each nucleon to occupy a single-particle eigenstate in the 

nuclear spherical mean-field potential from the core. The mean-field is usually described 

by a harmonic oscillator or Woods-Saxon potential [May60,Cas90,Pre93]. This model 

neglects any correlations in the motions of particles outside the core or residual 

interactions between the valence single particles and the core. Protons and neutrons fill 

the eigenstates independently. Each nucleon state is characterized by its single-particle 

energy and quantum numbers (n,l,j), where n is associated with the number of nodes of 

the radial wave function, and l and j are the orbital and total angular momenta. The 

maximum occupancy in each neutron (proton) eigenstate is (2j+1) neutron (proton) 

[May60,Cas90,Pre93]. With a strong spin-orbit force included in the nuclear spherical 

mean-field potential from the core, the shell model produces significant energy gaps at 

the magic numbers of 8, 20, 28, 50, 82  and 126 (Figure 1.2) 

[Bro05,May60,Cas90,Pre93]. Stable nuclei with proton or neutron numbers 

corresponding to a magic number exhibit stability and natural abundance. This simple 

shell model also gives the correct ordering of the single-particle orbits for stable isotopes 

as shown in Figure 1.2. In addition, it reasonably describes the nuclear static and dynamic 

properties of low-lying states in spherical stable nuclei and serves as a foundation of the 

more sophisticated modern shell model development [Bro01]. 
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Figure 1.2: Nuclear shell structure [Bro05]. 
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 Although the mean-field model provides a basic framework to understand nuclear 

structure, a complete description of nuclei requires consideration of the nucleon-nucleon 

(N-N) correlations which modify the nuclear wave functions. The short-range component 

of the correlation in nuclei originates from the strong repulsion of nucleons at very short 

distances. Such repulsive force extends the momentum components of the nucleon wave 

functions to very high energy single-particle orbits and modify the compressibility of 

nuclei and nuclear matter [Akm98,Dic08]. The long-range component of the correlation 

arises from the attractive interactions between valence nucleons. This induces collective 

modes and pairing correlations within nuclei and leads to the coupling of nucleon orbits 

to low-lying collective excitations and giant resonances [Gol99]. The correlated interplay 

between the single-particle and collective dynamics spreads the single particle strength 

over a large range in excitation energy [Dic04,Dic08].  

One signature of correlations is the fractional occupation of single-particle 

orbitals. The total occupancy of a single-particle state is not directly observable, but it can 

be quantified by the spectroscopic factor (SF). The SF probes the overlap between many-

body wave functions of the initial and final states and measures the degree of single-

nucleon overlap for a state in the specific transition [Aus70]. It characterizes the structure 

of nuclear states and connects experimental results to theoretical nuclear structure 

calculations. The measurement of (e,e’p) reactions on nuclei near  closed proton shells is 

one well-known example of using SFs to investigate the effects of correlations. Results 

show that the absolute experimental proton SF values are reduced systematically by 30-

40% compared to the mean-field theory of the Independent Particle Model [Pan97, 
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Kra01]. This observation suggests that significant contributions of N-N interactions are 

absent in the Independent Particle Model descriptions [Pan97,Dic04,Bar09].  

 The large-basis shell-model approach has been developed to include some of the 

N-N correlations in the nuclear structure studies [Bro01]. To account for the 

shortcomings in an approximation with a one-body mean-field potential, a two-body 

nucleon-nucleon interaction VNN  is employed in the Hamiltonian:  

 

Because of the difficulties in obtaining the exact solution in such a many-body aspect, a 

single-particle spherical potential is introduced to approximate the Hamiltonian into two 

terms as an independent particle moving in an effective average potential and 

residual interactions . 

 

Consequently nucleons in a nucleus can be grouped into the core part and the 

valence part, where the core part is completely occupied. Starting from the core and 

observed single-particle state, the residual two-body interaction in the Hamiltonian is 

adjusted to describe other properties of nuclei in a given valence space.  By 

approximating the configuration mixing with a basis of nucleon quasi-particle orbits, the 

effective-interaction theories of current shell models can describe much of the long-range 

component of the interactions [Bro01,Dic04]. Limited by the dimension space, the 

valence nucleon Hilbert space has to be truncated in the calculations. This confines the 
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description of long-range correlations in the vicinity only near the Fermi surfaces. 

Currently available residual interactions provide satisfactory descriptions for the light to 

medium mass nuclei in sp-, sd- and pfg- shell regions [Cau05]. The correlations that arise 

from short-range and long-range with coupling to vibrational excitations are beyond the 

effective interactions employed in the current effective-interaction shell models. Progress 

with other theoretical approaches to describe full nucleon correlations is being made 

[Dic04,Ste06,Bar09-3]. 

The results from (e,e’p) clearly indicate the absence of nucleon correlations in the 

mean field model descriptions for nuclei near the closed shell. Understanding the 

correlations and the single-particle structure in nuclei with large proton-neutron 

asymmetry becomes compelling. With the advent of radioactive beam facilities, nuclei 

far from the stability line with large neutron or proton excess can be investigated. It has 

been observed that the nucleon correlations play a prominent role in the breakdown of the 

conventional magic numbers with the appearance of new “magic” numbers and new 

ordering of single-particle states and exotic modes of excitations for exotic nuclei 

[Sor08]. For instance, new shell gaps and magic numbers appear at N=14, 16 instead of 

N=8, 20 for neutron-rich nuclei in the sd-shell, and the swapping of s1/2 and d5/2 single-

particle states at N=16 for Oxygen isotopes [Sor08]. To study the evolutions in the 

nuclear structure from the valley of stability toward the drip lines, it is essential to 

investigate the roles of the proton-neutron asymmetry dependence of the mean field and 

the long- and short-range correlations. Many experimental approaches provide insight 

about such evolutions.  For instance, one can measure the variations of effective single 

particle energies which illustrate the monopole interaction effect that acts between 
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proton-neutron spin-orbit partners [Gau06, Sig07]. Another approach is to investigate the 

asymmetry dependence of single-particle occupancies [Gad08]. Both approaches require 

accurate determination of spectroscopic factors. 

1.2 Spectroscopic factors from transfer reactions 

Direct reaction is a powerful probe of single-particle structures. With minimum 

rearrangement of the nucleons during collisions, direct reaction involves a few degrees of 

freedom. In the past half century, reaction theories have been developed to allow 

determination of spectroscopic factors which quantify the nucleon occupancies and 

degrees of correlations in the single-particle wave functions. In addition to transfer 

reactions, there are two other experimental techniques to extract spectroscopic factors.  

Firstly, the electron-induced proton knockout reaction (e,e’p) which was developed to 

measure the spectroscopic factors of proton single-particle hole states in well-bound 

nuclei in the 1980’s [Kra01]. The results from (e,e'p) reactions indicate 30-40% depletion 

of occupancy attributed to the nucleon correlations. Even though it is believed that 

reaction theory is more exact and that electrons probe the interior of the wave functions, 

neutron removal and particle-state cannot be studied by electron scattering. In addition, 

this technique can be applied to study only stable isotopes due to lack of rare isotope 

targets. To extend the systematic studies to exotic isotopes, considerable progresses in 

both theories and experimental techniques in single-nucleon knockout reactions using fast 

beams have been made in the last decade [Han03, Tos04]. The low beam intensity 

requirement of only an order of 10
2 

particles-per-second at incident energy above 50 

MeV/u offer a powerful approach to systematically study the hole-state spectroscopic 
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factors for exotic nuclei [Han03, Tos04, Gad08]. Knockout reactions suggest a systematic 

trend of spectroscopic factors and nucleon correlations. 

The main source of spectroscopic factor information for stable nuclei in the past 

half century is from transfer reactions. Compared to (e,e’p) and one-nucleon knockout 

reactions, transfer reactions probe both particle- and hole-states exclusively for stable as 

well as exotic nuclei. Beam energies used in transfer reactions can vary from a few MeV 

to a hundred MeV per nucleon depending on the experimental purposes. With the recent 

revived interest of transfer reactions due to the availability of radioactive beams, it is 

essential to review and understand the existing theoretical reaction models of transfer 

reactions, and develop a systematic framework to extend the study of the nuclear 

structures from stable to exotic nuclei.   

One-nucleon transfer reactions such as (p,d), (d,p), (d,n), (
3
He,d) and (d,

3
He) are 

frequently used to probe correlations and properties of single-particle wave functions and 

the degree to which the nuclear state is a pure single-particle state.  The angular 

distributions of the emitted d or p are characteristic of the angular momentum of the 

transferred nucleon. For two-nucleon transfers such as (p,t) and (t,p), the transferred 

angular momentum is shared between two transferred nucleons and therefore the 

correlations of nuclear structure govern the strength of the reaction. This important 

feature provides a means to probe nuclear correlations between two nucleons which is not 

accessible to one-nucleon transfer reactions [Aus07,Tan08]. The two-nucleon transfer 

reaction can also be used to study unbound states in exotic nuclei which are restricted in 

one-nucleon transfer techniques [Suz09].  However the applicability of the two-nucleon 

transfer reactions is limited by the complications in the reaction theories and low reaction 
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rates. Similarly, multi-nucleon transfer reactions may be a useful tool for studies of 

correlations [Aus07]. Unfortunately, there is not yet a well developed theory to describe 

the data. This thesis is dedicated to single-nucleon transfer reactions which have more 

well developed theories and extensive existing data.  

For one-nucleon transfer reactions, the description of the reaction mechanism 

generally utilizes the distorted wave Born approximation (DWBA) [Sat80,Gle04, Aus70]. 

The differential cross section is proportional to the square of transition amplitude, which 

can be described by two main factors as shown in Equation 1.3.  is the spectroscopic 

factor which is determined by the wave functions of nuclear states involved but 

independent of the kinematics;  contains the reaction dynamics information through 

the overlap of the wave functions of the relative motions and the wave function of the 

transfer nucleon [Aus70, Sat80, Gle04].   

 

Since  reflects the nature of wave functions, it provides a means for comparison 

between experiments and theories. The experimental spectroscopic factor in a transfer 

reaction is obtained by taking the ratios of the experimental cross sections to the 

predicted cross sections from the reaction model [Aus70,Sat80,Gle04]. Extraction of 

meaningful and reliable spectroscopic factors is essential through accurate descriptions of 

reaction theory. As discussed in Chapter 2, non-locality and finite-range DWBA 

calculations are developed for realistic descriptions of kinematics. The calculations also 

require optical model potentials to construct the distorted waves of incoming and 
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outgoing reaction channels and the inputs of the bound-state radial wave functions of the 

transferred particle.  

However, a survey of the published spectroscopic factors for certain nuclei shows 

that they are not consistent. It is not unusual to find published spectroscopic factors for a 

particular nucleus that fluctuate by a factor of two as demonstrated in Figure 1.3 for the 

ground-state spectroscopic factors of 
41

Ca extracted from 
40

Ca(d,p)
41

Ca reactions. 

Similarly, one can often find that published spectroscopic factor values for the same 

reaction by different authors agree within uncertainties, even though the data used to 

extract them are not in agreement [Lee07]. Many of the difficulties in the past extractions 

of spectroscopic factors have been associated with ambiguities in the optical model 

parameterizations which are used in the DWBA model to construct the distorted waves of 

incoming and outgoing reaction channels. Geometries of the bound-state radial wave 

functions of the transferred particle are strongly correlated to the magnitudes of the 

spectroscopic factors [Aus70,Sat80,Gle04]. In addition, the deuteron breakup effects 

have been found to be important in the calculated angular distributions and deduced 

spectroscopic factors [Joh70]. The inconsistencies in spectroscopic factor extractions 

hinder the use of transfer reactions from studying evolution of nuclear structures, such as 

the shell evolution along the isotopic or isotonic chains. Therefore it is crucial to develop 

a systematic approach to extract consistent and reliable relative spectroscopic factors 

from transfer reactions. 
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Figure 1.3: Fluctuations in the published ground-state spectroscopic factors of 
41

Ca extracted from 
40

Ca(d,p)
 41

Ca reactions. 

 

A consistent three-body analysis of neutron transfer reaction data involving 

minimal assumptions has been developed for (p,d) and (d,p) transfer reactions [Liu04, 

Liu05]. The methodology uses Adiabatic Distorted-wave Born approximation (ADWA), 

an extension of DWBA theory with the Johnson-Soper (JS) adiabatic approximation to 

the neutron, proton, and target three-body system [Joh70] taking into account the effect 

of deuteron break up. To avoid the ambiguity in optical potentials obtained from 

individual best fits to elastic scattering data, global nucleon optical model potentials or 

microscopic potentials are applied consistently at all incident energies and target nuclei. 

Additionally, a consistent set of input parameters for the reaction mechanism and single-

particle bound state is adopted in the cross-section calculations [Liu04, Liu05, Lee07].   
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One may argue that it would be better to fit the experimental elastic scattering 

data at the same incident energy by adjusting the parameters in optical model potentials 

for nucleon transfer reaction. This, however, does not seem to result in an overall 

improved description, mainly because data at a single incident energy do not lead to an 

unambiguous determination of the nuclear optical potential. Instead, it is more 

appropriate to use elastic scattering data measured over many energies to obtain a global 

optical potential that can be used without the need for an additional measurement of 

elastic scattering for a particular transfer reaction [Per76]. Such practice becomes 

desirable when a large range of beam energies and nuclei is needed in systematic studies 

or when radioactive beams are involved where beam time for elastic scattering is often 

not available. 

The systematic ADWA analysis approach has been proven to sufficiently remove 

the long-standing ambiguities in the cross-section calculations and give consistent 

spectroscopic factors for 
12

C(d,p)
13

C and 
13

C(p,d)
12

C reactions [Liu04,Liu05]. To 

examine the possibility of using such a consistent approach for a global study of nuclear 

structure using spectroscopic factors, the first part of this dissertation is dedicated to the 

systematic comparisons of an extensive amount of single neutron (p,d) and (d,p) transfer 

reaction cross-section data on stable isotopes from Lithium to Nickel, obtained in the past 

40 years, to the angular distributions calculated in the ADWA model 

[Tsa05,Lee06,Lee07,Tsa09,Lee09]. This large-scale survey utilizes the existing data to 

extract meaningful spectroscopic factors and establishes reliable systematics in the 

ground-state and excited-state spectroscopic factors. This provides an essential 

framework for studying nuclear structures using transfer reactions.  
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1.3 Motivation of present experiment  

Based on the consistent ADWA framework, the comprehensive analyses of transfer 

reaction data described in Chapter 2 suggest that the reduction factors Rs, the ratio of the 

experimental spectroscopic factor (SF) to prediction, are independent of the neutron 

binding energy for stable nuclei within statistical errors [Tsa05, Lee06]. The reduction 

factor quantifies the percentage of correlation absent in the shell model descriptions. To 

understand the regions of extreme N/Z, the experimental efforts of this dissertation focus 

on the measurements of (p,d) neutron transfer reactions involving proton-rich 
34

Ar and 

neutron-rich 
46

Ar beams. These measurements were done in inverse kinematics to extract 

the experimental neutron SFs for 
34

Ar and 
46

Ar. The difference between neutron and 

proton separation energy (ΔS=Sn-Sp for neutron SF; ΔS=Sp-Sn for proton SF), which 

characterizes the asymmetry dependence of the relative shift for the neutron and proton 

Fermi surface, is 12.41 MeV and -10.03 MeV for 
34

Ar and 
46

Ar respectively. This 

significantly expands the separation energy difference of isotopes investigated. In 

previous global studies the maximum S is 7.31 MeV with a few measurements at S 

smaller than -10 MeV. The 
34

Ar results would highlight the correlation’s effects in the 

proton-rich regime [Lee10]. 

Large suppression (up to 75%) in SF values compared to shell model predictions 

for strongly bound valence nucleons has been observed in one-nucleon knockout 

reactions [Gad08] as represented as solid triangles in Figure 1.4. In particular, the neutron 

reduction factor Rs of 
34

Ar is smaller by a factor of 2 compared to that of 
46

Ar [Gad04-2, 

Gad05]. This suggests that the valence nucleon of the deficient nucleon species is much 
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more strongly correlated compared to those of the excess nucleon species [Gad08]. The 

trend of strong suppression experienced by the deeply bound nucleon is not found in the 

spectroscopic factors obtained in transfer reactions [Tsa05,Lee06] or (e,e’p) 

measurements [Kra01] for nuclei close to stability, where the (e,e’p) results are shown as 

open circles in Figure 1.4. The large asymmetry dependence of correlations in knockout 

reactions, however, has not been explained by theories or other global analyses [Bar09-

1,Bar09-2,Bar09-3,Cha06,Cha07].  For example, the dispersive optical model (DOM) 

analysis of elastic-scattering and bound-level data on Ca isotopes (
40-49

Ca) suggests weak 

asymmetry dependence of proton correlations, where the change in proton SF magnitude 

from 
40

Ca to 
48

Ca is about 10% [Cha06,Cha07].   

The present measurements of the (p,d) reaction on proton-rich 
34

Ar and neutron-

rich 
46

Ar provide the opportunity to compare the asymmetry dependence of correlation 

obtained from transfer and knockout reactions [Lee10]. The conclusion from the present 

transfer reaction experiments investigates the compatibility of different experimental 

techniques and reaction theories for a unified description of the nature of correlations and 

the underlying physics. 
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Figure 1.4: Reduction factor (Rs) as a function of the difference of neutron and 

proton separation energies (S). The open circles and closed triangles denote the 

Rs obtained from (e,e’p) and knockout reaction measurements respectively. The 

solid line is the averaged Rs from (e,e’p) reaction data, while the dashed line is 

the best fit of Rs from the knockout reaction data. 
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1.4 Organization of Dissertation     

This dissertation is organized in the following way. Chapter 2 introduces the 

methodology to extract spectroscopic factors systematically using published angular 

distributions of (p,d) and (d,p) transfer reactions. This chapter also presents a survey of 

deduced ground- and excited-state spectroscopic factors of Z=3-28 nuclei. The 

systematics of spectroscopic factors is used to provide checks of the residual interactions 

and Hilbert spaces used in the current nuclear structure calculations. Chapter 3 focuses on 

the experiments of the p(
34,36,46

Ar,d) transfer reactions performed at NSCL. This is 

followed by the descriptions of the calibrations and data analysis in Chapter 4. Chapter 5 

presents the cross section and spectroscopic factor extractions for these measurements as 

well as the associated uncertainties. In this chapter, the 
34

Ar and 
46

Ar data are compared 

to large-basis shell-model predictions and the discussion of the underlying physics is 

given in great detail. The summary and conclusions are given in Chapter 6. 
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Chapter 2 

Spectroscopic factors from transfer reactions 

Spectroscopic factors (SF) quantify the nature and occupancy of the single-particle orbits 

in a nucleus. Measurements of spectroscopic factors therefore provide quantitative 

information about the single particle structure of nuclei in the shell model. In our present 

work, we extract the neutron spectroscopic factors of nucleus B in the reactions of 

B(p,d)A and A(d,p)B, where nucleus B is considered to be composed of the core A plus 

the valence neutron n. The overlap integral between the wave function of one state in 

nucleus A and another in B provides the theoretical neutron spectroscopic factor of 

nucleus B, which are usually calculated using shell models. The ratio of the measured 

cross sections divided by the cross sections calculated with a reaction model defines the 

experimental SF for transfer between these states. 

Since 1960, (p,d), (d,p) and other single nucleon transfer reactions  have been 

extensively used to extract spectroscopic information for single nucleon orbits.  However, 

the published SF values in the literatures for a particular nucleus often varied widely, 

more than a factor of 2 in the case of 
40

Ca(d,p)
41

Ca reaction as shown in Figure 1.3, for 

instance, reflecting uncertainties and ambiguities introduced by the choice of optical 

model parameters and bound state potential parameters employed in the reaction models 

[Liu04, Lee07]. To allow comparisons of the experimental spectroscopic factors with 

theoretical predictions over a broad range of nuclei, we have adopted a systematic and 

consistent approach involving minimal assumptions and have reanalyzed the existing 
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transfer reactions data. A priori, transfer reactions do not yield absolute spectroscopic 

factors as the analysis depends on other input parameters such as the geometry of the 

neutron bound state wave function as well as the optical potentials used in the reaction 

model. However, if the analysis utilizes a consistent set of parameters, the relative 

spectroscopic factors can be determined reliably. It should be emphasized that relative 

normalized SF values are sufficient to study the evolution of nuclear structure; while the 

absolute normalization in SF magnitude is only required to determine how much 

correlation remove the single-particle strengths from the Hilbert space in which the shell 

model states are degenerated.  

This chapter explains the basic principles of both transfer reaction model and shell 

structure model. The methodology of extracting consistent experimental SFs with 

minimum assumptions is also demonstrated here. The comparisons of the experimental 

SFs to the shell-model predictions as well as to the other SF compilations are presented 

and the underlying physics is discussed. The results shown in this section have been 

published in several papers [Tsa05, Lee06, Lee07, Tsa09, Lee09]. 

2.1 Reaction theory 

The mechanism of direct transfer reactions (A+aB+b) can be described by the 

distorted-wave Born approximation (DWBA). In this theory, the reaction is regarded as a 

perturbation in the elastic scattering that induces a transition to occur between two 

channels. The relative motions are governed by an optical potential. The resulting waves, 

distorted from the inelastic scattering plane wave, are used to obtain the approximate 

transition amplitude which is a nuclear overlap function. The model calculates the 
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differential cross sections. It is important to note that the DWBA theory is based on the 

assumptions that the reaction is a one-step direct process and the interaction which drives 

the reaction is weak enough for the reaction to be treated in the first-order perturbation 

theory. Adiabatic approximation can be incorporated in the DWBA framework to take 

into account the influence of deuteron break-up. Such approach is designated as adiabatic 

distorted-wave Born Approximation (ADWA). This subsection presents the DWBA 

formalism and the use of adiabatic approximation in ADWA. Many global optical 

potentials have been developed over the past years. Among them, two well determined 

and widely used optical-model potentials derived using global and microscopic 

approaches respectively are introduced in this chapter.  

2.1.1 Adiabatic Distorted-Wave Born Approximation (ADWA)     

The basis of the distorted-wave Born approximation for direct transfer reactions 

(A+aB+b) is the distorted-wave transition amplitude which is expressed as Equation 

2.1[Aus70,Sat80,Jac70,Kra01].  

                 
-

                        

                  

where α (β) is the entrance (exit) channel with projectile (ejectile) a(b) and target (final) 

nucleus A(B) and  is  the relative coordinates between projectile a and A nucleus 

(between b and B).  is the interaction between the projectile, a, and the target nucleus.  

 is the internal wave function of the projectile (target) nucleus. And  

 is the solution of the Schrodinger equation for the incoming particle with 
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the distorting potential  in channel α. The exact wave function of the system is 

described by a product of the internal wave functions of the outgoing particle , the 

residual nucleus  and a function  associated with the elastic scattering of 

the outgoing particle from the final nucleus B. It is a common practice to assume that the 

term of  can be replaced by the interaction between the transferred nucleon and 

the projectile nucleus .  

The nuclear matrix element , with integration performed over all 

coordinates independent of and , can be expanded into the nuclear overlap integral 

as shown in Equation 2.2 , which carries single-particle state information (n,l,j,m), and 

into the overlap function between the projectile and ejectile as presented in Equation 2.3. 

Eventually the transition amplitude can be expressed in Equation 2.4 and the differential 

cross section is proportional to the square of the transition amplitude [Kra01].  

       

 

             

 

where  is a Clebsch-Gordon coefficient,   is the spectroscopic 

amplitude and  is the normalized single-article wave function and   is the 

internal coordinate. 
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For more realistic descriptions of the reaction mechanism, the optical potential 

should be non-local, which means that the wave function at a point is affected within the 

range of non-local potential. This directly affects the wave functions of the projectile and 

ejectile in the region where the transfer takes place. The nonlocality corrections have 

been obtained by fitting the experimental data [Per62]. In addition, interactions among 

protons and neutrons exist in a finite range. Without such consideration in the 

calculations, the contributions coming from the nuclear interior are over-emphasized. The 

effect of finite-range of the interaction for deuteron can be taken into account 

approximately using local energy approximation (LEA) [But64]. 

With the small separation energy of 2.224 MeV, deuteron breaks up easily in the 

field of core nucleus especially at high incident energy. This would change the total 

reaction cross sections and consequently the amplitudes of spectroscopic factors. Johnson 

and Soper extended the DWBA to include the effects of the breakup of the deuteron in 

the field of the target and of the transfer of the neutron into (or out of) the breakup 

continuum [Joh70]. The use of adiabatic approximation to the neutron, proton, and target 

three-body system is designated as Adiabatic Distorted-Wave Born Approximation 

(ADWA). In the Johnson-Soper (JS) adiabatic approximation, the effective nucleon-

nucleus interaction is formulated as the sum of the nucleon optical-model potentials 

evaluated at half of the deuteron incident energy as shown in the following equation 2.5: 
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where Up and Ud are the optical-model potentials for proton and deuteron respectively 

and Vpn is the interaction between proton and neutron, while  represents the internal 

wave function of deuteron.  is strength of the Reid soft-core 
3
S1-

3
D1 neutron-proton 

interaction. 

 2.1.2 Global optical model potential     

The optical-model potential is the main model-dependent ingredient in the transfer 

reaction model. The local optical-model potential for nucleon-nucleus scattering can be 

written in the Woods-Saxon form [Aus70]:  

 

where                              

               

                     

 

Here, R is the nuclear radius and a is the diffuseness; V and W represent the depths of the 

real and imaginary potential with the subscript r, s, so and c corresponding to volume 

term, surface term, spin-orbit and coulomb respectively. L is orbital angular momentum 

of relative motion of the scattered particle and  is the spin operator. Rc is the radius of 

nucleon charge distribution, which is taken to be a constant density for r < Rc.  
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In the past, the optical model potential parameters for specific nucleus-nucleus 

reactions were obtained from fitting elastic scattering data for the relevant entrance and 

exit channels. However, such approach becomes difficult when radioactive beams are 

involved where beam time for elastic scattering is often not available or when a large range of 

beam energies and nuclei is needed in systematic studies. In addition, the optical potential 

parameters cannot be accurately determined from the data at a single incident energy. To 

be more accurate and to apply the analysis to a wide range of target-nucleus and 

bombarding energies, it is desirable to use global optical model potentials which is 

determined by fitting a large amount of data over a broad range of nuclei and energies, or 

a microscopic global optical potential which is derived from the relevant nuclear densities 

using effective Skyrme interactions. In the following section, we will briefly discuss two 

widely used optical-model potentials in transfer reactions.    

Chapel-Hill 89 (CH89) 

Chapel-Hill 89 (CH89) is a parameterization of the nucleon-nucleus optical model 

potential for nuclear mass range 40≤A≤209 and nucleon laboratory energy range 

10≤E≤65 MeV [Var91]. It is obtained by fitting simultaneously a large database of nearly 

300 proton and neutron differential cross sections and analyzing powers. CH89 

parameterization is determined based on the current understanding of the basis of optical 

potential, such as folding model and nuclear matter approaches. Equations 2.7 -2.10 

summarize the parameterization and features of CH89 optical model potential and Table 

2.1 lists the parameters of CH89. Of many global optical model potentials, it has been 

shown that CH89 potential best describes the (d,p) experimental data [Liu05, Nun08]  
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Table 2.1: Summary of parameters for CH89 global optical model potential 

Parameters      

V0 52.9 MeV Vso 5.9 MeV.fm
2
 Wst 18 MeV 

Vt 13.1 MeV rso 1.34 fm Wse0 36 MeV 

Ve -0.299 MeV rso
(0)

 -1.2 fm Wsew 37 MeV 

rv 1.250 fm aso 0.63 fm rw 1.33 fm 

rv
(0)

 -0.225 fm Wvo 7.8 MeV rw
(o)

 -0.42 fm 

av 0.690 fm Wveo 35 MeV aw 0.69 fm 

rc 1.24 fm Wvew 16 MeV   

rc
(0)

 0.12 fm Ws0 10.0 MeV   

 

 



26 

 

JLM Optical-model potential 

To include microscopic description of the nuclear interior, a set of optical-model 

potential parameterization is derived from the nuclear matter effective nucleon-nucleon 

interaction of Jeukenne, Lejeune, and Mahaux (JLM) [Jeu77] based on the Brueckner-

Hartree-Fock approximation and Reid’s hard core interaction. This approach can be 

applied consistently for nuclei with mass numbers 12 ≤ A ≤ 208 and for energies up to 

160 MeV. Equation 2.11 gives the real and imaginary JLM potential respectively:                        

                  - –
  

                  
–

   

The range of effective interaction b is set to be 1.2 fm. We adopt the conventional 

scale factors of λV = 1.0 and λW = 0.8 which are consistent with an analysis of data on 

several systems [Pet85]. VE and WE  are the real and imaginary nucleon potential derived 

in the local density approximation (LDA), where the LDA potential with energy E in 

uniform nuclear matter with density  and asymmetry is expressed in Equation 2.12. 

        

where   

 

The resulting energy- and density-dependent effective interactions are folded with 

the target one-body densities, using the mid-point local density prescription [Pet85]. 
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These required densities are taken from Hartree Fock (HF) calculations based on a 

Skyrme parameterization that offers quantitative agreement with experimental nuclear 

size parameters. Specifically, we use the recent SkX parameter set [Bro98], determined 

from a large set of data on spherical nuclei, including nuclei far from stability. The 

parameter set accounts for the binding energy differences of mirror nuclei [Bro00], 

interaction cross sections [Bro01-2], and nuclear charge distributions [Ric03]. The 

aforementioned agreement of the systematics of the Skyrme SkX HF predictions with 

nuclear size parameters suggests that this theory will also give a good description of 

individual single-particle states. The computed neutron and proton HF densities were 

used individually in evaluating the isovector contribution to the JLM optical potentials 

[Bro99].  

 

2.2 Methodology of extracting experiment spectroscopic factor 

The purpose of this section is to explain the criteria that we used in the data evaluation 

and the quality control that we applied to the existing cross sections data in transfer 

reactions. Furthermore, we explain the procedure we used to extract a consistent set of 

spectroscopic factors from (p,d) and (d,p) transfer reactions. This section is organized as 

follows. We begin in sub-section 2.2.1 with a brief description of the input parameters 

used in ADWA three-body adiabatic reaction model. This is important because 

spectroscopic factors are usually extracted by dividing the measured differential cross 

sections by theoretical cross sections predicted by a reaction model. We then explain in 

sub-section 2.2.2 how the data have been compiled and the uncertainties introduced in the 



28 

 

process. We explain in sub-section 2.2.3 the procedure for extracting the SFs. Problems 

with consistencies between measurements and analysis with too low and too high 

incident energies are discussed in sub-sections 2.2.4 and 2.2.5 respectively. Sub-section 

2.2.6 deals with the internal consistency of the approach. As the pickup (p,d) reaction is 

the inverse of the stripping (d,p) reaction, from detail balance, the ground state SFs 

obtained separately by the (p,d) and (d,p) reactions should be the same within 

experimental uncertainties. We use this fact to assess the consistency of our method and 

to assign uncertainties to the extracted spectroscopic factors.  

2.2.1 Input parameters in reaction model 

The transfer cross sections are calculated within the Johnson-Soper adiabatic 

approximation [Joh70], which approximates the full many-body system by a three-body 

system consisting of a neutron, a proton, and an inert core. The core would be the target 

in a (d,p) reaction or the final nucleus in a (p,d) reaction. The phenomenological proton- 

and neutron-optical model potentials (CH89) [Var91] are folded to construct the deuteron 

optical potential that is used in ADWA model.  By using the folded potential instead of a 

phenomenological deuteron optical potential, one includes the main corrections to the 

transfer cross section from the breakup of the deuteron in the field of the target.  

Even though the breakup effect is mainly important for energies above 15 MeV 

per nucleon, to be consistent, we constructed the deuteron potential using the Soper-

Johnson approach at all incident energies. Similar results are obtained if DWBA is used 

at low energy. The potential of the transferred neutron to the inert core was chosen to be 

Woods-Saxon in shape, where we used the widely adopted values of the fixed radius 

parameter of 1.25 fm and diffuseness parameter of 0.65 fm [Liu04, Liu05]. The depths of 
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the central potential wells are adjusted to reproduce the experimental binding energies. 

Consistent with the findings of Ref. [Ver94], we find that the surface properties of the 

neutron bound state wave function are dominated by the central potential. Thus, we have 

neglected for simplicity the spin-orbit interaction in constructing the valence neutron 

wave function. (We have studied this effect. In the light nuclei, 4 ≤ Z ≤ 24 studied here, 

the effect is of the order of 10% or less. Such effect may become important for heavier 

nuclei.) All calculations adopt the local energy approximation (LEA) for finite range 

effects [But64] using the zero-range strength (Do
2
=15006.25 MeV

2
 fm

3
) and range 

(=0.7457 fm) parameters of the Reid soft-core 
3
S1-

3
D1 neutron-proton interaction 

[Knu75]. Nonlocality corrections with range parameters of 0.85 fm and 0.54 fm are 

included in the proton and deuteron channels, respectively [Per62]. The same set of input 

parameters is used for all the reactions analyzed here. We label our SF values as 

SF(ADWA) in our figures, to distinguish them from other SF values obtained when 

different input parameters or potentials are used. The transfer reaction calculations were 

carried out using the University of Surrey version of the code TWOFNR [Iga] which 

respects the detailed balance between (p,d) and (d,p) reactions that connect the same 

states.  The code TWOFNR is chosen mainly for convenience as it contains all the input 

options discussed below. With the same input parameters, we have compared the 

calculations from two other widely used reaction model codes, DWUCK5 and FRESCO, 

and find that they provide predictions that are basically the same as those provided by 

TWOFNR [Kee04, Del05, Liu05]. 
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2.2.2 Compilation and digitization of angular distribution data 

Nearly all the existing angular distributions we used have been digitized from the 

published figures [Lee07]. The few exceptions are some tabulated data found in the 

Nuclear Science References (NSR) database of the National Nuclear Data Center 

(NNDC) [NSR]. The sources of these data came from the Former Soviet Union or Japan 

whose journals are not widely available in the United States. These non-US and non-

European data complement our search in the Physical Review, Physical Review Letters, 

Nuclear Physics and occasionally in Physics Letters and Journal of Physics G. While we 

have made an effort to find all the relevant experiments that published the absolute 

differential cross sections, we could have missed some reactions especially if the incident 

energy is below 10 MeV or above 70 MeV.  

By checking some of the data carefully and sometimes repeating the digitization 

several times, we estimate the uncertainties introduced by the digitization process to be 

less than 0.5 deg in determining the angles and less than 10% in extracting the differential 

cross sections. For illustration, we use the data for the reaction 
14

N(d,p)
15

N at Ed=12 

MeV [Sch67, Hef77]. This set of data was first published in tabulated form in ref. 

[Sch67]. The tabulated data are plotted as closed points in Figure 2.1. Later the authors in 

ref. [Hef77] plotted the data in a figure, which we digitized. We compare our digitized 

data (open points) with the tabulated data (closed points) in Figure 2.1. We see a 

difference of less than 10% between the two sets of data. Of course, the digitization 

errors also depend on the actual size of the graphs available in the original literature. As 

described later, generally, errors introduced by digitization are relatively small compared 

to the uncertainties in the absolute cross section measurements.  
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Figure 2.1: Comparison of tabulated data (closed points) [Sch67] and digitized 

data (open points) [Hef77] from the same measurement of the angular 

distributions of the protons obtained in the 
14

N(d,p)
15

N reaction at incident 

deuteron energy of 12 MeV. The curve is the predicted angular distributions from 

the code TWOFNR as described in the text, multiplied by 1.12 which is the 

spectroscopic factor. 

 

2.2.3 Extraction of spectroscopic factors 

The experimental SF value for transfer reaction is defined as the measured cross-section 

divided by the cross section calculated with a reaction model. For most of the nuclei we 

calculated, we use the   values determined from the angular distributions and the j

 

values of the valence neutron ground states found in the isotope tables [NNDC]. In 

general, the experimental angular distributions at larger angles are more sensitive to 

details of the optical potential, the effects of inelastic couplings and other higher order 

effects that are not well reproduced by most reaction models. Furthermore, discrepancies 

between the shapes from calculations and experiment are much worse at the cross section 

minimum, which could give these points an unduly large weight in a least squares 

minimization procedure. Thus, we follow the procedures used by many groups in the past 
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40 years that the spectroscopic factor is extracted by fitting the reaction model 

predictions to the angular distribution data at the first peak, with emphasis on the 

maximum. The accuracy in absolute cross section measurements near the peak is most 

important. When possible, we take the mean of as many points near the maximum as we 

can to extract the spectroscopic factors. We will use the angular distributions of 

14
N(d,p)

15
N shown in Figure 2.1 to illustrate the procedure we adopt to extract the 

spectroscopic factors.  

In Figure 2.1, the first three data points with cm<25  have been used to determine 

the ratios of the measured and calculated differential cross sections. The mean of these 

three ratios is adopted as the spectroscopic factor. For example, for the two sets of data 

plotted in Figure 2.1, the spectroscopic factors are 1.1 and 1.2 for tabulated data [Sch67] 

and digitized data [Hef77] respectively. The difference in the spectroscopic factors 

represents the uncertainties introduced by digitization. The theoretical angular 

distributions, obtained from TWOFNR have been multiplied by the spectroscopic factor, 

1.1, and plotted as the solid curve in the figure. 

In cases when a “first peak” is not obvious or that the angular distributions of the 

forward angles are nearly flat, e.g. in the reaction of 
44

Ca(p,d)
43

Ca at Ep=40 MeV 

[Mar72] as shown in Figure 2.2, we find that fitting the shoulder gives more consistent 

results. In general, the agreement of the measured shape of the angular distributions in the 

vicinity of the first peak or the shoulder to the shape predicted by the transfer model gives 

some indication as to the quality of the spectroscopic information that can be extracted by 

comparing the model to data. When there are more than one set of data that can be used 
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to determine a given spectroscopic factor, we use the number of measured data points 

from a given measurement that lie in the peak or shoulder region where data and theory 

are in good agreement to assign a relative weight for the SF extracted from that 

measurement.  Various SF’s extracted from different measurements are combined in a 

weighted average to compute the mean spectroscopic factors presented here.  

 

Figure 2.2: The angular distributions of the deuteron obtained in the 
44

Ca(p,d)
43

Ca reaction at incident proton energy of 40 MeV [Mar72]. The curve 

is the predicted angular distributions from the code TWOFNR as described in the 

text, multiplied by the spectroscopic factor. 

 

2.2.4 Evaluation of the angular distribution measurements 

Even though most published papers state the uncertainties of their cross section 

measurements to be 10-20%, the actual disagreements between experiments are often 

larger than the quoted uncertainties. An example is illustrated in the reactions 
11

B(d,p)
12

B 

reactions. From the literature, we find two measurements: one measurement at deuteron 

incident energy of 11.8 MeV [Liu01] and another measurement at 12 MeV [Sch67]. 

Since the incident deuteron energy is nearly the same, one would expect the angular 
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distributions from the two data sets plotted in Figure 2.3 to be the same within 

experimental error. Ref. [Sch67] (open circles) stated that the accuracy of the absolute 

cross section measurements is 15% while ref. [Liu01] (closed circles) quoted an error of 

6%, which is smaller than the symbols in Figure 2.3. Not only do the cross sections differ 

sometimes by a factor of two, the shapes of the distributions (especially the first peak) are 

not even the same. In this case, the shape of the angular distributions in ref. [Liu01] 

agrees with the calculation (solid curve) better than that measured in ref. [Sch67]. 

Fortunately for this reaction, we are able to find another measurement in the NNDC 

database [Fic74] (open diamonds). Near the peak at forward angles, this latter angular 

distribution agrees with ref. [Liu01] and so we disregard the measurements of ref 

[Sch67]. Data in ref. [Liu01] were measured nearly 40 years later than data in ref. 

[Sch67] and one might be tempted to attribute the difference to the availability of better 

beam quality and detection systems for the measurements.  

  

Figure 2.3: Comparisons of the angular distributions 
11

B(d,p)
12

B reactions. Open 

circles, closed circles, open diamonds represent data from refs. [Sch67], [Liu01] 

and [Fick74] respectively. The curve is the predicted angular distributions from 

the code TWOFNR normalized by the spectroscopic factor. 
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 However, when another reaction,
12

C(d,p)
13

C at Ed=11.8 MeV from ref. [Liu01] 

(closed circles) is compared to three other published angular distributions in Figure 2.4 at 

Ed=11.8 MeV (closed diamonds) [Sch64], 12 MeV (open circles) [Sch67], 12 MeV (open 

diamonds) [Lan88], the cross sections in the first peak measured in ref. [Liu01] is 

consistently low. No uncertainties in the measurements are given in ref. [Sch64] and ref. 

[Lang] but it is clear that data in ref. [Liu01] do not agree with the other measurements, 

especially in the most forward angle region. Thus we disregard the SF values derived 

from ref. [Liu01] in our compilation of 
12

C(d,p)
13

C reactions. The authors of ref [Liu01] 

cannot explain the discrepancies described here [Liu-priv]. In general, data taken by the 

same group with the same setup have similar systematic errors that lead to rejection of 

the entire data set. When there are independent measurements available for comparison, 

however, cross comparisons to other data can allow one to be more selective. The 

existence of confirming data, allowed us to keep 
11

B(d,p)
12

B data and discard the 

12
C(d,p)

13
C data even though both sets of data come from ref [Liu01]. 
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Figure 2.4: Comparisons of the angular distributions of the proton measured in the 
12

C(d,p)
13

C reactions in four different experiments. Open circles and closed 

circles, open and closed diamonds represent data from refs. [Sch67], [Liu01], 

[Lan88] and [Sch64] respectively. The curve is the predicted angular distributions 

from the code TWOFNR multiplied by the spectroscopic factor. 

 

Cross comparisons of angular distributions sometimes help to establish common 

systematic problems when one set of measurements was performed by the same group 

with the same set up. An example is illustrated in the 
40

Ca(d,p)
41

Ca reactions in ref. 

[Lee64] where the ground state angular distributions of 
41

Ca at Ed =7, 8, 9, 10, 11 and 12 

MeV have been measured. Figure 2.5 shows the extracted spectroscopic factors (labeled 

as SF(ADWA)) as a function of incident deuteron energy for all the 
40

Ca(d,p)
41

Ca 

reactions. For clarity in presentation, no error bars are plotted. Except for the point at 

Ed=7 and 12 MeV, the extracted spectroscopic factors from ref. [Lee64] (open circles) 

are consistently larger than the spectroscopic factors extracted from other experiments 

that probed the same reaction at the same energy. Detailed comparisons of the angular 

distribution data show essentially the same effect, that the differential cross sections 
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measured in ref. [Lee64] are systematically higher than the other measurements [Sch64, 

Kat65, Hjo65, Nie66, And68, Fos69, Set70, Koc71, Bro74, Han75, Boy76, Alf78] 

measured by different groups. Clearly, there were problems in the determination of the 

absolute cross sections in ref. [Lee64]. As it is not possible to find the cause of this 

discrepancy after so many years, we disregard the spectroscopic factor values determined 

in ref. [Lee64] in our review of the data. The disagreements between data sets generally 

exceed the quoted uncertainties of the data. Indeed, we have found that the most 

important aspect of quality control of the data is to have as many independent 

measurements as possible. Comparisons of different measurements help to identify 

problematic measurements.  

  

Figure 2.5: (Color online) Comparison of spectroscopic factors, SF(ADWA), 

obtained from Ref. [Lee64] (open circles) and from other measurements (closed 

circles). The increase of spectroscopic factors observed at Ed<10 MeV has been 

observed before [Liu05, Sch64] and has been attributed to the resonance 

structures in the elastic scattering of the deuterons [Ohl63]. The solid line is the 

mean SF(ADWA) between 10 and 56 MeV.  
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2.2.5 Transfer reactions at high and low energy 

When Q-value, the momentum transfer or angular momentum transfer are not well-

matched or when there are significant contributions from the compound nucleus, the 

shape of the experimental angular distributions may be poorly described by theory. We 

find better agreement for ground state transfers at incident energies of around 10-20 MeV 

and poorer agreement at very low or high (> 50 MeV) beam energies. Figure 2.6 shows 

the angular distributions of protons emitted from the 
40

Ca(d,p)
41

Ca (g.s) reaction from 

Ed=4.7 to 56 MeV. Only one angular distribution is shown at each incident energy. The 

agreement between data and prediction for the first peak improves with increasing 

energy. At very low incident energy, the shapes of the measurements and the calculated 

transfer cross sections do not agree. This phenomenon is also seen in other reactions. The 

spectroscopic factors as a function of incident energy are shown in Figure 2.5. The 

increase of spectroscopic factors at Ed<10 MeV has been observed before [Liu05, Sch64] 

and has been attributed to the resonance structures in the elastic scattering of the 

deuterons [Ohl63]. As explained in the last section, the open points based on the data 

from ref. [Lee64] are discarded. Between 10 to 56 MeV, we find that the mean 

spectroscopic factor, 1.01  0.06 shown by the solid line in Figure 2.5, describes the data 

at all energies within experimental errors.  
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Figure 2.6: Angular distributions for 
40

Ca(d,p)
41

Ca reactions for beam energy 

from 4.69 to 56 MeV. Each distribution is displaced by factors of 10 from 

adjacent distributions. The overall normalization factor is 10 for the 7.2 MeV 

data. References are listed in ref.[Lee07]. 

 

In reactions which have large negative Q values such as 
12

C(p,d)
11

C (Q = –16.5 

MeV), the center of mass energy available in the exit channel is very small even at ~20 

MeV proton incident energy [Win01]. The validity of the calculated angular distribution 

is questionable at these energies and we discard these data. For other reactions measured 

at low incident energy (<10 MeV), the data could be dominated by compound nucleus 

emissions, or resonances in the low energy elastic scattering [Ohl63]. When possible, we 

exclude spectroscopic factors obtained with incident beam energy less than 10 MeV 

when computing the mean values of the spectroscopic factors.  



40 

 

Even though we exclude data with incident energy lower than 10 MeV from the 

calculation of the mean SF, these low energy data are still valuable. In cases where very 

few (sometimes only one) measurements with incident energy greater than 10 MeV are 

available, they provide checks for consistency of the measurements. In the 
43

Ca(d,p)
44

Ca 

reaction, only data at 8.5 MeV [Bje67] are available. Similarly, we only have data at 7.5 

MeV for the 
50

V(d,p)
51

V reaction [deL67] and at 7.83 MeV for the 
23

Na(d,p)
 24

Na 

reaction [Dau63] . We adopt these results despite their low incident energies. 

At high energies, momentum transfer and angular momentum transfer are 

mismatched so conditions may not be optimized to extract reliable spectroscopic factors. 

Furthermore, the global nucleon-nucleus potentials (CH89) [Var91] are fitted only to 65 

MeV for protons and to 26 MeV for neutrons. Thus, we do not include data from 

reactions at incident energy greater than 65 MeV in this work. In examining data over a 

wide range of d or p incident energies, we find that the optimum beam energies for 

studying transfer reactions lie between 10-20 MeV.  

2.2.6 Uncertainty assignment to the extracted spectroscopic factors 

Since the ground-state transition of neutron pickup (p,d) and neutron stripping (d,p) 

reactions are inverse reactions, they should yield the same values for the spectroscopic 

factors. We used nuclei which have been studied reasonably well by both neutron pickup 

and stripping reactions to the ground state. The averaged SF values are listed in the 

second and fourth column of Table 2.2. The numbers of measurements contributing to the 

averages are listed next to the mean values in the third and fifth column.  
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There are strong correlations between the ground state neutron spectroscopic 

factors determined from the (p,d) and (d,p) reactions as shown in Figure 2.7. The solid 

line corresponds to perfect agreement. These are independent values determined using the 

procedure outlined above. The scatter of the data points about the solid line can be used 

to determine an overall uncertainty for such analyses. As explained in Section 2.3.4, the 

quoted experimental uncertainties are not always reliable. In the absence of a completely 

independent criterion that can be applied to each data set without comparison to others, 

we assume the uncertainty of each measurement to be the same, even though data from 

certain experiments may actually be more accurate than others. If we require the chi-

square per degree of freedom of the scatter data shown in Figure 2.7 to be unity, we can 

extract a random uncertainty of 20% for a given measurement. The extracted uncertainty 

of 20% is consistent with comparisons with analysis on systems that have large number 

of measurements such as 
12

C(d,p)
13

C,  
16

O(p,d)
15

O,  
16

O(d,p)
17

O,  
40

Ca(d,p)
41

Ca and 

other reactions. In Table 2.2 and Figure 2.7, we have excluded measurements for 
7
Li, 

34
S 

and 
10

Be nuclei due to large errors associated with either the (p,d) or (d,p) measurements. 

If we include these three measurements, the estimated uncertainty in a given 

measurement increases to 28%   
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Table 2.2: List of nuclei with spectroscopic factors obtained from both (p,d) and (d,p) 

reactions. Npd and Ndp denote the number of (p,d) and (d,p) independent measurements 

included in the analysis.  

B
 

B(p,d)A Npd A(d,p)B Ndp  B
 

B(p,d)A Npd A(d,p)B Ndp 
11

Be 0.57 1 0.49 2 
 30

Si 0.87 1 0.79 2 

11
B 1.29 1 1.55 3 

 42
Ca 2.12 2 1.82 3 

13
C 0.81 4 0.73 12 

 43
Ca 0.63 1 0.63 2 

14
C 1.50 3 1.82 2 

 44
Ca 3.93 3 5.14 1 

15
N 1.65 2 1.39 4 

 48
Ti 0.11 3 0.14 1 

17
O 0.81 3 0.99 10 

 49
Ti 0.26 2 0.23 1 

18
O 1.60 2 1.80 1 

 50
Ti 5.50 2 7.12 2 

21
Ne 0.03 1 0.04 2 

 51
V 1.10 2 1.58 1 

26
Mg

 2.80 3 2.01 1 
 53

Cr 0.37 1 0.39 8 

 

  

Figure 2.7: Comparisons of spectroscopic factors obtained from (p,d) and (d,p) 

reactions as listed in Table 2.2. The line indicates perfect agreement between the 

two values. 
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As mentioned in sub-section 2.2.3, the final SF values are obtained from the 

weighted average of independent measurements from both (p,d) and (d,p) reactions. In 

these weighted averages, the low energy (<10 MeV) data and the inconsistent data 

(nominally marked with asterisks) that differ significantly from other sets of data are 

excluded. For values determined from only one measurement without the consistency 

checks provided by other independent measurements, an associated uncertainty of 28% is 

assigned. For values determined by more than one measurement (N), we take into 

account the distribution of the SF’s around the mean. Figure 2.8 illustrates this procedure. 

The open stars in Figure 2.8 represent the spectroscopic factors extracted from the good 

measurements of the calcium isotopes. However, the spread of the data are more than 

20% for the 
44

Ca and 
48

Ca nuclei even though three “good” measurements are found for 

each of these nuclei. For these nuclei, it is more realistic to assign the uncertainty using 

the standard deviations of the mean of the data points. Each of the associated 

uncertainties is determined by adopting either the standard deviation of the mean or an 

uncertainty of , depending on which of the two uncertainties is larger. For 

comparison, the mean SF values with the associated uncertainties are plotted as the solid 

stars with error bars in Figure 2.8.  
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Figure 2.8: Spectroscopic factors obtained for the Ca isotopes. The open stars 

represent individual measurements. The accompanying solid stars are the 

weighted averaged values with the associated uncertainties determined from the 

standard deviations or , of the mean SF values whichever is larger.  

 

 

2.3 Theoretical spectroscopic factor  

Mathematically, spectroscopic factor is defined by a matrix element between the initial 

state in the entrance channel and the final state in the exit channels [Bro05]. For an 

B(p,d)A reaction, this matrix element evaluates the degree to which the wave function of 

the initial nucleus B can be described by the final nucleus A plus a neutron in a specific 

single particle orbit. The wave function for a specific state  in initial nucleus can be 

expanded in terms of a summation over the complete set of states 
  
in final nucleus: 
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The  is the overlap function between the wave function of one state in nucleus A ( ) 

and another in B( ). The normalization of overlap function defines the theoretical 

spectroscopic factor between these states: 

                   

The simplest way to compute the wave function is to use independent particle 

model (IPM). IPM refers to the description of a nucleus in terms of particles in the orbits 

of a spherically symmetric potential. The particles in the last orbit are called valence 

nucleons. These nucleons are non-interactive except that maximum number of valence 

nucleons are paired up. Thus nuclei with even number of valence nucleons always have 

spin zero. Nucleons in the cores collectively produce the mean-field potential. This mean-

field potential results in the well-known magic numbers (e.g. 2, 8, 20, 28 etc) for stable 

nuclei and the extreme single-particle values for the spectroscopic factors. This model 

works well for some nuclei, especially with valence nucleons near a closed shell. 

In general, spectroscopic factors for nuclei with even number of valence neutrons 

generally exceed those of the neighboring nuclei with odd number of valence neutrons. 

This results from the pairing interaction, which couples pairs of neutrons to spin zero 

similar to the Cooper pairs in a superconductor. For nuclei in the vicinity of a closed 

shell, this trend can be well replicated by calculations that consider only pairing 

modifications to the independent particle model (IPM). Assuming maximal pairing 

(minimum Seniority), one can obtain a simple relationship between the spectroscopic 

factor and the number of valence nucleons (n) with total angular momentum j [Aus70] as 
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shown in Equation 2.15. The success of this Eq. 2.15 is illustrated by the ground state SF 

of Ca isotopes discussed in details in section 2.4.1.  

            
-

 

In reality, however, most states are an admixture of the particle-hole 

configurations and therefore the residual interaction between nucleons is needed in the 

shell model calculation. The residual interaction introduces some long-range range 

correlations in the nuclear wave function beyond the mean field and can result in the 

fragmentation in the single-particle strength. Modern large-basis shell-models (LB-SM) 

were developed to take into account the shell-model configuration mixing and construct 

the wave function with different effective interactions in a specific Hilbert space. The 

effective interactions are usually obtained by fitting the two-body matrix elements and 

single-particle energies to the experimental energy levels, empirical nuclear masses, 

charge radii and low-lying excited state spectra for a wide range of nuclei within the 

region being studied [Bro01]. In our work, we used Oxbash [Bro04], the LB-SM code, to 

calculate the wave functions and theoretical spectroscopic factors.  

 

2.4 Survey of spectroscopic factors (SF) using CH89 global optical 

model potential     

About 640 neutron spectroscopic factors for ground-state and excited-state nuclei have 

been extracted by systematically analyzing more than 2500 measured (d,p) and (p,d) 

angular distributions. The systematic analysis as discussed in section 2.2 adopts global 
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optical-model potential CH89 and radius of transferred neutron orbital rms of ro=1.25 fm. 

We compare the extracted spectroscopic factors to values predicted by large-basis shell-

model (LB-SM). The survey of spectroscopic factors obtained over a wide range of 

nuclei provides important benchmarks and consistent analysis framework for neutron-

transfer reaction studies. In addition, the spectroscopic factors provide an independent 

evaluation to the effective interactions used in shell models. In section 2.4.1, the 

extracted spectroscopic factor values are listed and compared to the LB-SM for ground-

state and excited-state in sd- and fp- shell nuclei respectively. In section 2.4.2 and section 

2.4.3, the extracted spectroscopic factors values will be compared to other compilations 

from Endt and ENDSF [End77, ENDSF]. 

2.4.1 Comparison with shell model predictions 

2.4.1.1 Ground-state SF for Z=3-24 nuclei 

The ground state neutron spectroscopic factors for 80 nuclei ranging in Z from 3 to 24 

have been extracted by analyzing the past measurements of the angular distributions from 

(d,p)  and  (p,d) reactions [Tsa05, Lee07]. Table 2.3 lists the theoretical and experimental 

SF values determined for 80 nuclei, from 
6
Li to 

55
Cr, studied in this work.  

The thin bars in Figure 2.9 show the predictions of Equation 2.15 as a function of 

the mass number A for the transfer of an f7/2 neutron to or from Ca isotopes; the extracted 

neutron SF’s are represented by star symbols. The excellent agreement reflects the fact 

that configuration mixing of f7/2 neutrons outside the double magic 
40

Ca core is well 

described by a pairing interaction, with little discernable contribution from core 
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polarization or higher lying orbits. Most nuclei display more significant configuration 

mixing than these Ca isotopes. Figure 2.10 compares experimentally extracted SF’s for 

nuclei with predictions from the independent particle model plus pairing. Open symbols 

represent odd Z elements and the closed symbols represent even Z elements. The solid 

line indicates perfect agreement. Most extracted values are less than the predictions of the 

IPM-plus-maximal-pairing as represented by Equation 2.15. This is expected because the 

IPM neglects many important correlations between the nucleons in orbits near the Fermi 

energy as well as nucleon-core and short-range corrections. In the events that other 

correlations or interactions are negligible, the LB-SM predictions will be the same as the 

predictions from IPM. 

  

Figure 2.9: Ground state neutron spectroscopic factors for Calcium isotopes with 

valence neutrons in the f7/2 orbit, star symbols represent SF values extracted from 

present analysis. Thin bars are IPM values and thick bars represent predictions 

from LB-SM using the program Oxbash. 
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Figure 2.10: Comparison of experimental spectroscopic factors to predictions 

from the IPM. Open and closed symbols denote elements with odd and even Z 

respectively. The three different colors of green, blue and red represent Z=3-8, 9-

18 and 19-22 isotopes respectively. The solid lines indicate perfect agreement.  

 

If one diagonalizes the residual interaction within a LB-SM [Bro01], that involves 

the mixing of several different orbitals in the shell model basis that are close to the Fermi 

energy, one can obtain a better description of nuclei. Using Oxbash code with the PPN, 

SPSDPF, SDPN, SD, and FPPN model space and the corresponding CKPPN, WBP, 

WPN, W, and FPBPPN interactions [Bro01, Bro04] as input, the ground state neutron 

SF’s for 74 nuclei have been calculated with uncertainties of about 10-20% [Bro01]. 

Their predicted values are listed in Table 2.3 and plotted in Figure 2.11. (In Figure 2.11, 

we exclude the deformed 
24

Mg, Li, F and Ne isotopes, some of which have small 

calculated or measured SF values, which, in general, tend not to be accurate.) In contrast 

to the IPM-plus-pairing calculations, the agreement between data and LB-SM predictions 

are within 20% for most cases, as indicated by the two dashed lines. This shows that the 
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correlations between nucleons in orbits near the Fermi energy included in the LB-SM 

calculation are the most important one to consider. For the 
41-48

Ca isotopes, there is close 

agreement between LB-SM predictions and IPM values as shown in Figures 2.9.  

  

Figure 2.11: Comparison of experimental spectroscopic factors to predictions 

from the LB-SM. Open and closed symbols denote elements with odd and even Z 

respectively. The three different colors of green, blue and red represent Z=3-8, 9-

18 and 19-22 isotopes respectively. The solid lines indicate perfect agreement. 

For reference, the two dashed lines indicate ±20% of the solid line. 

 

Due to the absorption of flux into other channels in the nuclear interior, the 

adiabatic three-body model samples the neutron bound state wave function mainly at the 

nuclear surface. Transfer reactions constrain the exterior but not the interior contributions 

to the overlap integral that defines SF. In this analysis, we assume a smooth variation of 

the potential radius (R=roA
1/3

) for the bound neutron global potential. Consistent with 

findings in [Ver94], we find the surface properties of the neutron bound-state wave 
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function to be dominated by the central potential; for simplicity, we have neglected the 

spin-orbit interaction in constructing the neutron wave function. The good overall 

agreement between calculated and measured SF’s indicates that these assumptions are 

reasonable, and that the relative magnitudes of SF’s from nucleus to nucleus appear to be 

well described. However, the absolute values of the surface contributions to the SF are 

influenced by these geometrical assumptions.  

2.4.1.2 Excited-state SF for Z=3-28 nuclei 

In astrophysics calculations, states involving resonances near the nucleon thresholds are 

also relevant [Des00]. For instance, the astrophysical rate calculations of the captures or 

emissions of single-nucleons in stellar burning processes often involve short-lived 

nuclear states with small spectroscopic factors which are used to determine the decay 

widths of resonance states [Sch05]. With current experimental technique, it is difficult or 

even impossible to measure all the spectroscopic factors which are necessary inputs to 

such astrophysical network calculations, particularly those for the short-lived nuclear 

states. In these cases, shell-model calculations provide the principal means to estimate 

these spectroscopic factors. 

In general the shell model describes the properties of ground state nuclei very 

well, but the success of the shell model is less certain in describing such excited states 

[Sch05]. It is therefore important to address the accuracy of such predictions using 

different Hilbert spaces [Sch05]. Such an assessment can be obtained by comparing the 

calculated spectroscopic factors to those extracted using well-calibrated experimental 

probes, such as (p,d) and (d,p) transfer reactions. We therefore adopt the analysis 
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procedure described in section 2.21 to extract the neutron spectroscopic factors of the 

excited states of the following sd shell nuclei: 
17

O, 
18

O, 
21

Ne, 
24

Na, 
25

Mg, 
26

Mg, 
27

Mg, 

29
Si, 

30
Si, 

31
Si, 

33
S, 

35
S. We also extend our analysis to 

41,43,45,47,49
Ca, 

47,49,51
Ti and 

51,53,55
Cr isotopes as well as 

57,59,61,62,63,65
Ni isotopes with neutrons in the pf shell. 

Comparisons have been performed by matching between the theoretical and experimental 

levels based on the exact agreement of the quantum numbers (l,j) and spin-parity J

 of the 

transferred neutron and the approximate agreement of the energy of the states. In general, 

the agreement between energy levels calculated with LB-SM and the data is within 300 

keV. Comparison of experimental and theoretical spectroscopic factors provides an 

independent method to evaluate the interactions used in shell-model calculations, most of 

which have been obtained from fitting the binding energy and excitation energies of a 

range of nuclei. 

2.4.1.2.1 sd-shell nuclei      

In ref. [Bro06], two new interactions, USDA and USDB, have been obtained to describe 

sd shell nuclei with an inert 
16

O core. In extracting the USDA and USDB interactions, 

constraints based on the binding energy and energy levels were used and the rms 

deviation of the predicted energy levels ranges from 130-170 keV. To further test the 

validity of these interactions, we compare the experimental and calculated spectroscopic 

factors, which were not used to determine the parameters of the USDA or USDB 

interactions. This comparison includes all (d,p) transfer reaction data on these nuclei for 

which spectroscopic factors can be calculated in the corresponding Hilbert spaces in 

large-basis shell-model (LB-SM). In this section, we show a quantitative overall 
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evaluation of the success of LB-SM calculations in describing the SFs. There are only a 

handful of states where the agreement between the experimentally extracted and 

predicted SFs is unusually poor. These states are identified and discussed. The 

experimental and predicted SF values are listed in Table 2.4. 

Figure 2.12 shows the comparisons of the experimental SFs to shell-model 

predictions. The average SF values obtained with USDA and USDB (x co-ordinates) are 

plotted vs. the experimental extracted SF values obtained in this study labeled as 

SF(ADWA) (y co-ordinates). The horizontal error bars indicate the range of the USDA 

and USDB results. For most of the cases, the two values are nearly identical. The solid 

diagonal line indicates perfect agreement between theoretical predictions and 

experimental data. Nearly all the data cluster around the solid line. For excited states SF, 

the measured angular distributions are often of poorer quality than those for the ground 

state. Even though we adopted the deduced experimental uncertainties of 20-30% in the 

figure as discussed in section 2.2.6, the larger scatter of the excited state data could imply 

larger experimental uncertainties closer to 40%. For reference, the dashed lines in all the 

figures indicate 40% deviation from the solid line. There are three states (3.908 MeV 

(5/2
+
) state in 

25
Mg, 7.692 MeV (3/2

+
) and 8.290 MeV (5/2

+
) states in 

29
Si), with very 

small calculated spectroscopic factors (<0.005), outside the range of the established 

systematics. Small calculated SFs originate from large cancellations of contributions 

from different components of the wave functions, which are hard to control even in the 

best shell-model calculation. Indeed, the calculated values using USDA and USDB 

interactions differ from each other by more than a factor of two and under-predict the 

experimental values by more than a factor 10. Clearly, these cases would be important to 
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examine further, both experimentally and theoretically as the capability of predicting very 

small (<0.005) spectroscopic factors of sd shell nuclei is important for astrophysical 

applications.  

  

Figure 2.12: Comparison of experimental excited states spectroscopic factors, 

SF(ADWA), to predictions from large-basis shell-model calculations, SF(LBSM), 

using the USDA and USDB interactions. The ends of the horizontal error bars 

indicate the range of values predicted by USDA and USDB interactions. Symbols 

indicate the averaged values. The solid line represents perfect agreement between 

data and theory. The dashed lines correspond to 40% deviations (expected 

experimental uncertainties) from the solid line. 

 

2.4.1.2.2 Ca,Ti and Cr isotopes      

Beyond the sd shell nuclei, regions of interest will be around the N=20, 28 and Z=20, 28 

magic shell closures. The ground states of Ca isotopes are good single-particle states with 

doubly magic cores. Spectroscopic factor predictions by both the Independent Particle 

Model and by the fp shell LB-SM are nearly the same and agree with the experimental 
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values to within 20% as shown in Figure.2.13. Figure 2.13 compares excited states 

neutron spectroscopic factors for 
41,43,45,47,49

Ca, 
47,49,51

Ti and 
51,53,55 

Cr isotopes. Most of 

the values lie within the experimental uncertainties of 40% indicated by the deviations of 

the dashed lines from the solid line. On the other hand, the calculated and measured SFs 

near the boundaries of the fp shell-model space can disagree by factors of hundreds. The 

largest discrepancies when using the modern GXPF1A interaction [Hon04, Hon05] occur 

for the 2.462 MeV (p3/2) and 6.870 MeV (f5/2) states in 
41

Ca, the 2.944 MeV (p3/2) state 

in 
43

Ca
 
and the 4.312 MeV (p1/2) and 4.468 MeV (p1/2) states in 

45
Ca, most of which 

have theoretical predicted spectroscopic factors near unity. Due to proximity of these 

nuclei to the sd shell, their excited state wave functions have strong contributions from 

particle-hole excitations that have hole in the sd shell. These lie outside the fp model 

space [Hon02]. It is rather difficult at the present time to include hole excitations of the 

sd shell core due to the huge model space that would require reliable effective 

interactions for the larger sd fp shell Hilbert space. In contrast, the excited states of mid-

shell nuclei, such as Ti and Cr, where the contribution of the hole excitations of the sd 

shell core is relatively smaller, do not have this problem and are consequently better 

described by the shell model. The experimental and predicted SF values are listed in 

Table 2.5. 
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Figure 2.13: Comparison of experimental spectroscopic factors, SF(ADWA), to 

predictions from large-basis shell-model for the Ca, Ti and Cr isotopes, SF(LB-

SM). Complete basis with the interaction GXPF1A is used in the theoretical 

calculations. The solid line indicates perfect agreement between data and 

predictions. Dashed lines represent 40% deviations from the solid line. 

 

2.4.1.2.3 Ni isotopes 

The shell structure of the unstable doubly magic nucleus 
56

Ni (N=Z=28) has attracted 

much attention recently [Yur04, Yur05, Ber09, Min06, Kra94]. In most shell model 

calculations, the N=28 core in 
48

Ca is assumed to be a well-established closed shell. 

However, Relativistic Hartree+Bogoliubov calculations predict a strong suppression of 

the N=28 shell gap for neutron rich nuclei [Lal99]. While experimental investigations of 

the 2
+
 energies of 

36,38,40
Si provide evidence for the weakening of the N=28 shell gap in 

nuclei with large neutron excess [Cam06], the evidence is inconclusive for the case of 

47
Ar [Gau06, Sig07]. Recent measurements of the nuclear magnetic moment of the 
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ground state of 
57

Cu, which could be viewed as a valence proton outside a closed 
56

Ni 

core, suggests significant breaking of the f7/2 shell [Min06]. To further explore the 

property of the single particle states outside 
56

Ni, we extracted the neutron spectroscopic 

factors for 
57

Ni to 
65

Ni isotopes and the values are listed in Table 2.6. The extracted 

spectroscopic factors are important bench marks in evaluating different pf-shell model 

interactions  that are used to predict the structure of Ni or Cu nuclei, particularly the 
78

Ni 

which is a major waiting point in the path of the r-process [Kra93]. Isotopes around 
56

Ni 

are of special importance for the stellar evolution and electron capture in supernovae.  

Shell model calculations for Ni isotopes have been available since 1960’s. In the 

early calculations, such as ref. [Aue67], 
56

Ni is assumed to be an inert core and the 

influence of core excitation was taken into account in the effective residual interaction 

between the valence nucleons in the pf-shell. With advances in computational capability, 

many new effective interactions, which are the key elements for successful predictions, 

have been proposed. The GXPF1A interaction, a modified version of GXPF1 with five 

matrix elements, involving mostly the p1/2 orbitals, has been obtained by adjusting the 

parameters used in the interaction to the experimental data [Hon02]. Another interaction 

KB3 [Pov01, Cau05] has also been used to predict properties in the pf shell nuclei. Both 

of these calculations require full pf model space with 
40

Ca as inert core. Recently, a new 

T=1 effective interaction for the f5/2, p3/2, p1/2, g9/2 model space has been obtained for the 

56
Ni-

78
Ni region by fitting the experimental data of Ni isotopes from A=57 to A=78 and 

N=50 isotones for 
89

Cu to 
100

Sn [Lis04]. This interaction provides an improved 
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Hamiltonian for Z=28 with a large model space and new Hamiltonian for N=50. It has 

been mainly used to describe heavier Ni isotopes using a 
56

Ni core. Following the 

convention established in ref [Ver07], this new interaction is called JJ4PNA in the 

present work.  

To demonstrate the sensitivity of the spectroscopic factors to interactions used in 

the shell model calculations. We first obtained the ground state neutron spectroscopic 

factors with the Auerbach interactions [Aue67] and JJ4PNA interactions with 
56

Ni inert 

core [Lis04] using Oxbash code [Bro04]. For calculations with GXPF1A and KB3 

interactions with 
40

Ca inert core, we use the m-scheme code Antoine [Cau99]. The latter 

calculations are CPU intensive. The comparison of the ground-state spectroscopic factors 

between experiments and calculations are shown in Figure 2.14 The solid lines are the 

least square fits of the linear correlations between data and predictions. The slopes of the 

lines are labeled inside each panel. The predicted spectroscopic factors using the KB3, 

JJ4PNA, and Auerbach interactions are about 25% larger than the experimental values. 

The results using the full pf model space and the GXPF1A interaction, shown in the 

upper left panel of Figure 2.14, give better agreement with the data as indicated by the 

slope (0.93±0.06) of the solid line in the upper left panel. This is consistent with the 

observation that with the improved modification in the monopole and pairing matrix 

elements of the Hamiltonian, the GXPF1A interaction is better than KB3 for the lighter 

isotopes around 
56

Ni [Hon05, Hor06]. This overall agreement with the results from 

GXPF1A interaction is consistent with the trends established in nuclei with Z=3-24 as 

shown in section 2.4.1.1. 
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Figure 2.14: Left panels: Comparison of the ground-state experimental 

SF(ADWA) values and the shell model calculations using GXPF1A (top) and 

KB3 (bottom) interactions in full in gfp model space . Right panels: Same, but 

with the shell model calculations using JJ4PNA (top) and N. Auerbach (bottom) 

based on 
56

Ni inert core. The solid lines are the linear fits with y-intercept fixed at 

zero. The slopes of the lines are listed in the individual panels. 

 

Figure 2.15 shows comparisons of predictions using the GXPF1A interaction (left 

panel) and the XT interaction (right panel) to experimental values of the excited states in 

Ni isotopes. The current analysis yields spectroscopic factors that cluster around the 

large-basis shell-model predictions. Due to difficulties in identifying states at higher 

excitation energy, only SF values for a few states less than 3 MeV are obtained from 

calculations using the GXPF1A interaction. More states from calculations using the XT 

interaction are compared to data as shown in the right panel. The data and the predictions 


