
Structure and Cross Section Data of Neutron-Rich N~20 Nuclei

Produced in Fragmentation and Few-Nucleon Knockout Reactions

by

Elena Rodriguez-Vieitez

B.S. (University o f Santiago de Compostela, Spain) 1994 
M.S. (University o f Utah, USA) 1998

A dissertation submitted in partial satisfaction of the requirements for the degree of

Doctor o f Philosophy 

in

Engineering -  Nuclear Engineering 

in the 

Graduate Division 

of the

University o f California, Berkeley

Committee in charge:

Professor Stanley G. Prussin, Chair 
Professor Jasmina L. Vujic 

Professor Joseph Cemy

Fall 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3323512

Copyright 2007 by 
Rodriguez-Vieitez, Elena

All rights reserved.

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.

®

UMI
UMI Microform 3323512 

Copyright 2008 by ProQuest LLC.

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 E. Eisenhower Parkway 

PO Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Structure and Cross Section Data of Neutron-Rich N~20 Nuclei

Produced in Fragmentation and Few-Nucleon Knockout Reactions

© 2007

by Elena Rodriguez-Vieitez

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Structure and Cross Section Data of Neutron-Rich N~20 Nuclei

Produced in Fragmentation and Few-Nucleon Knockout Reactions

by

Elena Rodriguez-Vieitez 

Doctor of Philosophy in Engineering -  Nuclear Engineering 

University o f California, Berkeley 

Professor Stanley G. Prussin, Chair

Neutron-rich nuclei in the “island of inversion” display ground-state deformation 

despite proximity to the N=20 conventional magic number. In this thesis, 28"30Ne were 

produced by few-nucleon knockout o f -90-M eV/A 30'32Mg and 29Na beams originated by 

fragmentation of 140-MeV/A 48Ca at the National Superconducting Cyclotron 

Laboratory. The low-lying 28'30Ne structures were determined through measurements of 

prompt single-y and y-y coincidences by the Segmented Germanium Array (SeGA), 

where high transverse segmentation provided the Doppler correction necessary to achieve 

good energy resolution.

The 28"30Ne level schemes were compared with shell-model calculations: (a) 

OXBASH using the USD-A interaction, restricted to “sd-shell” OpOh (O-particle-O-hole) 

“normal” configurations, and (b) a Monte-Carlo Shell-Model (MCSM) code using the 

SDPF-M interaction, including promotion of neutrons (2p2h “intruder” configurations) 

across a reduced N=20 gap. A dominance o f intruder configurations is believed to explain 

ground-state deformation. New data on 28'30Ne excited states were used to test shell- 

model predictions at the transition to the island of inversion. MCSM with the SDPF-M
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interaction provided good overall description of the data and improved predictive power 

compared with USD-A.

The 28Ne structure consisted o f a cascade o f three consecutive transitions. The 

measured 4j+->2i+ 1707(7)-keV and 2i+->0i+ 1306(4)-keV y rays confirmed literature 

data, and y-y coincidences for an observed 891(5)-keV (proposed 42+-^ 4 ]+) transition 

ruled out published data assigning 02+~>2\+ to this transition. While data conformed 

better to SDPF-M (predicting -50-50%  0p0h-2p2h ground-state configuration), 

discrepancies exist: the low-lying 2.2-MeV 02+ predicted by SDPF-M remains 

unobserved, and 28Ne contains a new isolated 1127(4)-keV transition not explained by 

SDPF-M.

The 29'30Ne structures (-100% 2p2h ground-state configurations predicted by SDPF- 

M) showed significantly better fit to SDPF-M than USD-A. In 30Ne, a low-energy 

2i+->0i+ 792(4)-keV transition confirmed literature data, suggesting large deformation, 

and a new 4i+->2i+ 1443(1 l)-keV transition provided the first observed 4i+ state in the 

island of inversion.

Measured few-nucleon knockout cross-sections of 0.2-14 mb agree with literature. 

These data show experimental-to-theoretical one-proton knockout cross-section ratios of 

-0.5-0.7. An observed -0.25 experimental-to-theoretical cross-section ratio in two-proton 

knockout was lower than -0.5 reported in literature. We attribute this reduction to 

differences in the neutron wave functions between initial and final nuclei.

Professor Stanley G. Prussin 

Dissertation Committee Chair
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Chapter 1 

Physics Motivation and Objectives

1.1 The Structure of Atomic Nuclei

The nucleus is located at the center of the atom occupying only ~10 ' 15 o f its volume 

but concentrating virtually all of its mass (more than 99.9%) over a length scale on the 

order o f one to ten fermi (1 fm = 10"15 m). Nuclei can be regarded as non-relativistic (NR) 

quantum systems of neutrons and protons (nucleons) interacting by three types of forces: 

strong, electromagnetic, and weak. The dominant interaction is the short-range strong 

nucleon-nucleon force, governed by the NR Schrodinger equation. The intensity o f the 

strong force is to a good approximation independent of the types of nucleons involved 

(neutrons, protons, or neutron-proton pairs).

The chart of nuclei (Fig. 1.1) contains the combinations o f numbers o f protons (Z) 

and neutrons (N) expected to exist as bound entities as predicted by current nuclear 

structure models. For Z below -92, while the strong nuclear force is responsible for the 

binding of nuclei, when there is an excess o f either neutrons (N) or protons (Z) the weak 

nuclear force causes nuclear decay by P emission (that is, electron or positron emission) 

or electron capture. Only around 300 nuclear species in the chart are stable against p 

decay or electron capture, and can be found in nature. Nuclei in this “valley of stability” 

contain approximately equal amounts o f N and Z for mass number A < 40 (where A = N 

+ Z); for increasingly heavier nuclei, an increasing excess of neutrons is necessary to

1
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overcome the Coulomb repulsion between the protons. It is estimated that there are 

around 7,000 unstable nuclei, o f which more than half have not yet been studied 

experimentally [BroOl].

Known

126
\

\
Unknown nuclei

J*

Neutron number N

Figure 1.1 The chart of nuclei. There are around 300 stable nuclei (black squares) forming the 
“stability line”. Unstable nuclei in dark gray areas around the stability line have been 
studied experimentally. Nuclei in light grey areas remain to be experimentally 
investigated, adapted from [Uts07],

Since the discovery of the nucleus in 1911 by Rutherford [Rutl 1], significant efforts 

have been directed at studying its structure. It was soon observed that the separation 

energies o f a neutron or a proton, S(n) or S(p), did not vary smoothly with changes in N 

and Z, respectively; instead, they showed dips near certain numbers, which were termed 

“magic numbers”. Mayer and Jensen were the first to propose the “shell model” o f the 

nucleus [May49, May55] where nucleons move independently o f each other under the

2
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influence of a common average or mean field. Mayer et al. also proposed the addition of 

a spin-orbit term in the potential (by similitude with the electronic shell structure in 

atoms) [May49, Hax49] that takes into account a strong interaction between the orbital 

angular momentum and the spin o f each moving nucleon. With the addition of the spin- 

orbit term the nuclear shell model became especially successful as it was able to correctly 

predict the location o f the experimentally-known magic numbers, at 2, 8 , 20, 28, 50, 82, 

etc. The spin-orbit effect in nuclei turned out to be much stronger than that in atoms. 

Even though many nuclear models have been developed since, the shell model has 

remained one of the most successful and is a standard against which other models are 

tested.

1.2 Exotic Neutron-Rich Nuclei and the “Island of Inversion”

In recent years the focus o f experimental nuclear structure research has shifted away 

from the well-known valley of stability and into lesser-known regions towards the proton 

and neutron drip lines (where the proton and neutron separation energies become zero, 

respectively). The term “exotic nuclei” generally refers to nuclei at extreme conditions 

such as high angular momentum, high temperature, or (e.g., in this work) to the case of 

extreme proton-to-neutron ratios. It has been a common practice in nuclear structure 

research to study nuclei under different types of extreme conditions and it has often been 

the case that new types o f nuclear behavior are observed in such studies: as an example, 

rotational deformations under high angular momentum. It is thus reasonable to also 

expect new phenomena at extreme values o f the proton-to-neutron ratio.

3
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Exotic neutron-rich nuclei (the subject o f this study) are interesting for a variety of 

reasons. For example, even though they are not naturally present on Earth, they existed at 

earlier times during the evolution of the universe and are constantly produced and 

consumed in the life cycle o f stars (stellar nucleosynthesis). A knowledge of the structure 

and reaction probabilities of these nuclei is needed to improve theoretical models in 

cosmology and astrophysics, and therefore to understand the synthesis o f matter in the 

universe. Data on exotic nuclei are also useful to improve theoretical models of nuclear 

reactions that will ultimately contribute to a range of applications. Some engineering 

applications include advanced nuclear reactor designs that will be more efficient and 

proliferation-resistant, waste transmutation (a process to convert nuclear waste into a 

stable or less radioactive form), detection of radioactive materials for security purposes, 

or production of unstable isotopes of medical interest. As an example, nuclear waste 

transmutation generates a multitude of intermediate short-lived neutron-rich isotopes and 

modeling this process would greatly benefit from more accurate reaction data.

Until recently (-20 or 30 years ago) experimental nuclear physics facilities were 

designed to conduct nuclear reactions involving stable beams and targets only; as a result, 

it was not possible to produce and study very neutron-rich species. The study o f exotic 

short-lived species has been facilitated by the operation of radioactive-beam facilities, 

such as the National Superconducting National Laboratory (NSCL) at Michigan State 

University (MSU), where we conducted our research, and other laboratories worldwide 

such as RJKEN (Japan), GANIL (France), GSI (Germany), etc.

From a nuclear structure point of view, neutron-rich nuclei provide new and valuable 

insights because until only recently, nuclear structure models were tested only against

4
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data near stability. The recent experimental observation o f new phenomena in neutron- 

rich nuclei (such as neutron skins and halos [Tan85, Han95]) suggests that the 

conventional nuclear models that worked well near stability cannot be easily extrapolated 

to regions with large proton-to-neutron asymmetries.

Both stable and exotic nuclei may display so-called collective effects, which are 

deviations from the independent-particle model predictions due to correlations (also 

called residual or effective interactions) between nucleons that are beyond the mean field. 

New collective phenomena such as the interplay o f deformation, rotation and pairing in 

the presence of weak binding have been observed in neutron-rich nuclei [Yam04]. 

Neutron-rich nuclei have also been observed to display changes in the location o f magic 

numbers with respect to the conventional shell model [War04, Jan05] and increased 

binding o f nuclei at or near the drip lines. Recent experimental and theoretical 

investigations support the idea o f a weakening of certain “conventional” magic numbers 

such as N = 20 [War90, Fuk92, Mot95] and N = 28 [Soh02], and possible emergence of 

new ones (N = 14,16) [OzaOO].

This thesis is focused on the study of a light neutron-rich region called the “island of 

inversion” [War90]. This region -  believed to be centered around Z ~ 11 and N ~ 20 for 

neutron-rich isotopes o f neon, sodium and magnesium (Fig. 1.2) -  is characterized by 

nuclei with strongly deformed ground states despite their nucleon number being near the 

conventional N = 20 magic number. One of the first evidences o f this anomalous 

behavior was the measurement of higher-than-expected binding energies in ’ Na 

[Thi75]. Different theoretical approaches have been directed to understanding the origin 

o f these deformed ground states and the possible loss of magicity o f N = 20.

5
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The “island
of inversion”

N=20
Figure 1.2 The “island of inversion”. A region of light neutron-rich nuclei around N ~ 20 and

The experimental nuclear structure data in this thesis were mainly interpreted within 

the framework of shell-model calculations based on two types o f residual or effective 

interactions: USD-A [Wil84, Bro07a] and SDPF-M [Uts99, Uts05, Uts07] (Chapter 2). 

The shell-model calculation using the SDPF-M interaction is a Monte Carlo Shell Model 

(MCSM) code. These two types of shell-model calculations differ mainly in their model 

spaces or number o f single-particle orbitals in which valence neutrons (those outside o f a 

160  inert core) are allowed to reside: the sd shell (lds/2, 2s\n and 1 d3/2) in the case o f the 

USD-A interaction, and the sd shell plus two orbits o f the p f  shell (U 7/2 and 2p3/2) in the 

SDPF-M interaction (Fig. 1.3).

The effective interaction used in the SDPF-M calculations is fundamentally based on 

a strong proton-neutron component that affects the valence protons in the Id 5/2 and the 

valence neutrons in the ld 3/2 (Fig. 1.3), as will be addressed in Chapter 2.

A ~ 30. The horizontal axis is the neutron number N and the vertical axis the proton 
number Z. The crossed squares correspond to nuclei that are unbound, adapted from 
[Uts07],
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Figure 1.3 Schematic diagram of independent-particle orbitals occupied by protons and 
neutrons in 30Ne, representing a two-particle -  two-hole (2p2h) excitation across 
the N = 20 shell gap.

The basic assumption is that, as protons are removed from the proton (71) lds/2 

orbital in the N = 20 neutron-rich isotones when moving from 34Si (Z = 14) to 30Ne (Z = 

10), this proton-neutron force gets reduced, resulting in an energy increase o f the neutron 

(v) ld 3/2 level, and therefore a reduction in the N = 20 shell gap (with a simultaneous 

increase in the N = 16 gap). An additional attractive interaction between the lds/2 protons 

and the l f ?/2 neutrons is thought to contribute to the weakening o f the N = 20 shell gap. 

The reduction in the N = 20 gap promotes increased population of the p f shell by pairs of 

neutrons (excited by pair scattering). The SDPF-M calculations predict that in the “island 

of inversion” region nuclei exhibit a shape coexistence phenomenon where “normal” 

spherical configurations, also called OpOh (0-particle -  0-hole), in which nucleons reside
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in the sd shell only, coexist with “intruder” deformed configurations in which a pair of 

neutrons is promoted across the N = 20 shell gap into the p f shell (2p2h configurations). 

A deformed ground state occurs when the energy of the “intruder” configuration becomes 

lower than that of the “normal” configuration. The reduction in the N = 20 shell gap is 

thus one of the factors causing the observed intruder-dominated deformed ground states 

in the “island o f inversion” region.

1.3 Thesis Objectives and Approach

This thesis concerns the light neutron-rich 28"30Ne isotopes, which are located near or 

within the island of inversion. The objective of this research is to analyze and interpret 

new structure data in 28'30Ne with the ultimate goal o f understanding the structural 

changes taking place at the transition to the island of inversion. According to shell-model 

calculations, the transition is thought to be caused by increasingly larger “intruder” 

configurations in the ground state, which is manifested by a shape evolution from 

spherical to different degrees o f deformation in the ground state.

The experimental structure data will be compared with USD-A and SDPF-M shell- 

model calculations (Chapter 2) and the cross section data to reaction theory predictions 

(Chapter 3).

The 28’30Ne neutron-rich nuclei were produced in one- and two-proton knockout 

reactions, a direct-type mechanism [Han03] which -  combined with in-beam y-ray 

spectroscopy data -  provides information on the single-particle structure o f these nuclei.

Alternative experimental approaches to study neutron-rich nuclei, as reported in the 

literature, include intermediate-energy Coulomb excitation [Gla98] and inelastic

8
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scattering [Yan03]; these mechanisms are able to populate one or at most two excited 

nuclear states, although they can be used to measure the transition probability to the first 

excited state and therefore provide information on the degree of collectivity (Chapter 2) 

of these exotic nuclei. Fragmentation and knockout reactions, on the other hand, are 

known to populate a variety of excited states [Mor98, Pod06], A number of 

fragmentation/knockout experiments to study the island of inversion have been carried 

out during the last few decades, using a variety of scintillator and germanium y-ray 

detectors. In our study, a high-resolution segmented germanium detector array (SeGA) 

[MueOl] provided high-quality spectroscopic data, which allowed the identification of 

previously unknown y-ray transitions.

The predicted modified level ordering caused by the monopole interaction and the 

presence of intruder states is expected to give rise to different modes of nuclear collective 

excitations (rotational and/or vibrational). While the evidence for intruder ground states is 

well established, more research is needed to clarify where the transition from normal to 

deformed intruder ground states occurs, and what the nature of the observed collectivity 

is.

Mapping the border to the island of inversion and determining the intruder content of 

the ground and excited nuclear states constitute an important test of modem shell-model 

codes and nucleon-nucleon interactions far from stability, and can be used to improve the 

predictive power o f shell-model calculations in the neutron-rich region.
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Chapter 2 

Nuclear Structure Theory

A variety of nuclear structure models has been proposed and developed since the 

1930s. These models fundamentally differ in their conception o f the nucleus, pictured 

between two extremes of independent-particle and collective behavior. In the first 

extreme, nucleons are treated as moving independently of each other under an average 

field generated by the nucleus as a whole. Two o f the independent-particle models are the 

spherical shell model [May55] where the field is spherically symmetric (Section 2.2), and 

the Nilsson model, first proposed in 1955 [CasOOa (Ch. 8 )], where the field is non- 

spherical or deformed (Section 2.4). Collective models (Section 2.3) treat the nucleus as a 

macroscopic entity and do not describe specific motions of individual nucleons. Section

2 .1  defines a number o f nuclear properties that will be referred to throughout the chapter.

The first nuclear model proposed, by Niels Bohr in 1935 [Boh36], was the collective 

(mainly classical) liquid-drop model (LDM). The semi-empirical mass formula of 

Weizsacker, derived from the LDM, expresses the nuclear mass as a sum of several 

classical terms (volume, surface, Coulomb, etc.) plus two terms taking into account 

quantum-mechanical effects: the pairing and the asymmetry terms. In particular, the 

pairing term contributes to an increased nuclear binding when the nucleus contains a 

greater number o f pairs o f nucleons o f the same type; the asymmetry term provides a 

decreased nuclear binding when there is a large excess o f either protons or neutrons.

10
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Additional work based on the LDM led to a more sophisticated collective model 

generally referred to as the “collective model of A. Bohr and B. R. Mottelson” and 

developed in the 1950s [Boh75], where the excited states of the liquid-drop nucleus are 

mathematically described as vibrations and rotations of the nucleus as a whole [CasOOa 

(Ch. 6 )].

A given nucleus can be described simultaneously in both independent-particle and 

collective frameworks, where one or the other limiting description dominates the nuclear 

behavior depending on properties such as the total mass, the numbers o f protons and 

neutrons, the total angular momentum (also called “spin”), and the excitation energy, 

among others.

2.1 Nuclear Properties

2.1.1 Electromagnetic Moments

Since nuclei contain distributions o f electric charges and currents, they give rise to 

electric and magnetic fields, which can be mathematically expanded in terms of electric 

and magnetic multipoles. A given nuclear state is characterized by specific values o f the 

electric and magnetic multipole moments. The dipole, quadrupole, octupole, etc., 

multipole moments correspond to order L = 1, 2, 3, etc., respectively. In the experimental 

y-ray energy range of interest (< 3 MeV) the only significant moments are the electric 

quadrupole (E2) moment, which is associated with the 1/r4 term of the electric field, and 

the magnetic dipole (M l) moment, which corresponds to the 1/r3 term o f the magnetic 

field [Kra8 8 ],

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Each electromagnetic multipole moment has a parity relative to the emitting center; 

if, when changing r -> -r, the sign o f the multipole operator is the same (opposite), then 

the parity is positive (negative). The parity of electric moments is (-1)L and that o f the 

magnetic moments is (-1) L+1 so that the E2 (L = 2) and M l (L = 1) moments both have 

positive parity.

The magnetic dipole moment p in a classical picture is generated by the circular 

motion of a charged particle of mass m with an angular momentum l  = r x  mv, where v is 

the linear velocity tangent to the loop. The magnitude of p is the product o f the current 

intensity times the area described by the circular motion and its direction is the same as f 

so that, classically, p is calculated to be (e/2 m) t.

The corresponding quantum-mechanical expression for p is related to the total 

(orbital plus intrinsic spin) angular momentum of the nucleus, I, also called “spin” of the 

nucleus. The quantum-mechanical expression for the magnitude of p (p) is formally 

obtained by calculating the expectation value of the z component of the magnetic dipole 

operator p, evaluated for the nuclear substate in which the projection o f I is maximum, 

that is, for M = +1, where I is the nuclear spin quantum number. In the nucleus the 

magnetic dipole moment p arises from both the orbiting charged particles (protons) and 

the intrinsic spins o f the nucleons, which generate their own intrinsic magnetic field. The 

magnetic dipole moment of the nucleus is given by [Cas90]:

c ft T .
l i = g —  I = g I h N (2-1)2m p

where g is the gyromagnetic factor, which is 2  for elementary particles such as the

electron but which takes different values for nucleons and nuclei, and pn is the nuclear

magneton equal to eh/2 mp where mp is the mass of the proton.

12
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The electric quadrupole moment (Q) is proportional to the deviation o f a nuclear 

charge distribution from spherical symmetry. We assume the nucleus to be axially

symmetric with respect to a body-fixed axis z. The electric quadrupole moment is

2 2 2 2obtained by evaluating the electric quadrupole operator 3z -  r = r (3cos 0 -  1) in a state 

in which the projection mj of the total angular momentum j o f the odd particle on the 

symmetry axis of the nucleus takes its maximum value, that is, my = +j. With these 

assumptions, the expectation value o f Q of a nucleus containing Z charges is given by Eq. 

2 .2 , where the integral is expressed as a function of the nuclear volume element do

(expressed in spherical coordinates r, 0 , and <|)) and the wave functions \|/j of the protons:

z
< Q > = ^  J\j/*r2(3cos20 -ljxj/jdo (2.2)

1=1 nucleus

Because of symmetry properties of the nuclear wave functions, it is not possible to 

observe Q values for states with spin I < 1. For example, the ground states of even-even 

nuclei can be deformed but their Q cannot be measured because their spin is 0+.

Available experimental measurements o f Q values across the nuclear chart, assuming 

that nuclei are axially symmetry about the z axis, show that: (1) Q values are small near 

magic numbers, and (2) the great majority o f nuclei have positive Q values, that is, they 

are “prolate” (the charge distribution extends mainly along the z axis). Oblate nuclei (Q < 

0 ) are those for which the charge distribution extends throughout the xy plane 

perpendicular to the z symmetry axis.

When Q is calculated in the reference frame where the nucleus is at rest, it is called 

the intrinsic quadrupole moment, Qo, which is the value commonly tabulated in the 

literature.

13
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2.1.2 Nuclear Excited States and Decay Transition Probabilities

An important property o f nuclear excited states is their decay or transition 

probability Tf, (s '1) from an initial state with total angular momentum I; to a final state If. 

The decay most commonly proceeds by emission of electromagnetic radiation of 

multipole order L, i.e., by emission of a y ray of total angular momentum L under the 

condition expressed in Eq. 2.3:

L r < I , + I f (2.3)

Since the intrinsic spin of the photon is lh, transitions from 0+ to 0+ states are 

forbidden to decay through single y-ray emission (but can decay instead by internal 

conversion). Due to conservation of parity: ntfiy = 71;. The parity o f transition of multipole 

order L is %e = (-1)L for an electric transition, and tcm = (-1) L+1 when the transition is of 

magnetic character.

The quantum-mechanical first-order perturbation theory provides a method to 

calculate the transition probability, Tf, (s'1), given a knowledge o f the initial and final 

state wave functions and a certain perturbation potential which causes the transition. In 

the electromagnetic decay o f a nuclear state, the perturbation potential is given by the 

electric or magnetic multipole transition operator, M>j , where X corresponds to either an 

electric (E) or magnetic (M) transition and L is the transition multipole order. The 

method is referred to as the Fermi’s Golden Rule (Eq. 2.4). In Eq. 2.4, M),L_(i->f) 

represents the expectation value o f the Mn. transition operator evaluated between the 

initial (i) and final (f) states (Eq. 2.5):

Tfi(s_1) = —  —»■ f)| p(E r) (2.4)
n
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M ^ ( i - > f ) =  J v f * (2.5)

In Eq. 2.4, p(Ef) is the density o f continuum states into which the photon can be 

emitted (in units o f number of states per unit energy, i.e., MeV"1); a larger density o f final 

states leads to an increased transition probability. The factor 2%/h has units of MeV'V1, 

and |Mxl(i f)P has units of MeV2.

The multipole transition operator, Mxl, is further related to the so-called “reduced 

transition probability” or “transition strength”, B(XL), as expressed in Eq. 2.6:

B(AL; I| —>If ) = l< U || I, > | 2 (2.6)

From the definition in Eq. 2.6 it is straightforward to obtain Eq. 2.7, which relates 

the B(7,L) of the f  -> If transition to the B(A.L) of the reversed one, If -> f:

B(TL; I f ->1 ,) = B(/tL; I, - > I f ) (2.7)
2 J. ̂  i.

Equation 2.8 [Boh75] is an expression relating the transition probability Tf, to its 

transition strength, B(A,L), where X labels an electric (E) or magnetic (M) transition, and L 

is the transition multipole order. In this research, where the y-ray energies are below 3 

MeV, the only significantly intense transitions are those o f E2 or M l character, with 

transition strength units o f e2fm4 and pn2, respectively. As explained in Chapter 6 , we 

used calculated B(E2) and B(M1) values and experimental y-ray transition energies, Ey 

(in MeV), as well as assumed spin assignments o f the experimental levels, to estimate 

transition probabilities of excited states using Eq. 2.8, where Is and If are the total angular 

momenta o f the initial and final states, respectively.

/ £  \ 2L+1

4 7t S0 ft L [ (2L + 1)!!]
r

v ftcy
B(2L;Ij —>If ) (2.8)
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The numerical values of several constants included in Eq. 2.8 are as follows:

— -—  = 1.44 MeV - fm / e2 (2.9)
47IS0

h = 6.58 x 10'22 MeV -  s (2.10)

he = 197.329 M e V - f m  (2.11)

In Eq. 2.8, the B(7L) depends on a matrix element which contains the wave functions

of only the initial and final nuclear states, and no dependence on the wave function of the

photon. The photon characteristics are included in the factors preceding the B(AL), which 

are mathematically derived using the “long wavelength approximation” for the emitted 

photon, using a crude estimate o f the radial wave function matrix element.

Finally, the mean partial lifetime of the state i undergoing a transition to state f, xg 

(in seconds), is calculated as the inverse o f Tg (s '1), and the corresponding partial half-life 

of the state i decaying to state f  is obtained as Xmji — (ln2) xg = 0.693 xg.

2.2 The Spherical Shell Model and Shell-Model Calculations

Near stability, nuclei have been successfully explained since the 1950s by the 

spherical shell model [May49, Hax49, May55] based on the independent movement of 

nucleons under a common average spherical potential. In the shell model, protons and 

neutrons occupy discrete energy levels forming particularly stable spherical structures at 

certain “magic” numbers of protons and/or neutrons. This model works particularly well 

for light nuclei, for nuclei with numbers o f nucleons that are close to the magic ones, and 

at low excitation energies. The analytical form of the potential as a function o f r (the 

distance between each nucleon and the center of mass o f the nucleus) is not known
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exactly; several empirical models for the potential have been proposed, the most common 

of which are the Woods-Saxon (WS) and the Harmonic Oscillator (HO), in Eqs. 2.12 and 

2.13, respectively. The WS potential is a reasonable estimate o f the radial charge 

distribution o f the nucleus, and the HO potential is an approximation that is valid for very 

light nuclei at low excitation energy.

V w s «  =  - V „ -------------- 'r — T  ( 2 . 1 2 )
' r - R

1 + exp
V a ;  

.2VH0 (r) = -V0 + kr (2.13)

1 AIn the expression for Vws (r), R is the nuclear radius where R = roA with r0 ~ 1 .2  to 

1.25 fm and a ~ 0.5 to 0.6 fm is the nuclear diffuseness parameter. In both WS and HO 

potentials, Vo is on the order of 40-50 MeV. The WS potential is roughly constant in the 

center o f the nucleus, rapidly approaching zero for r ~ 1 -2  fm (consistent with the nuclear 

force being a short-range interaction). The HO potential diverges for distances above the 

nuclear radius (1-2  fm), but it satisfactorily models nuclear matter at distances below and 

up to the nuclear radius. The HO potential has the advantage o f being easier to 

manipulate mathematically. Both WS and HO models correctly predict the magic 

numbers at 2, 8 and 20, but fail above 20. The addition o f a spin-orbit potential (Eq. 2.14) 

between the intrinsic spin of the nucleon (s) and its own angular momentum (f) [May49, 

May55] allowed the successful prediction of the experimentally-observed magic numbers 

at 2, 8 , 20, 28, 50, etc.

The spin-orbit potential is given by:

Vs0 = f so (r) s • f  (2.14)
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A complete shell-model description of the nucleus however involves the contribution 

from an average central potential (such as those in Eqs. 2.12 and 2.13) plus additional 

terms due to extra nucleon-nucleon interactions beyond the average potential. The 

derivation o f this complete shell-model description starts by defining the full Hamiltonian 

of the A-nucleon system (Eq. 2.15), which includes all the two-body nucleon-nucleon 

potentials, Vjj(rjj), where r,, = | r* -  rj | is the distance between nucleons i and j, and 

ignores three-body interactions.

H - E l r + S ' W  ( 215)w 2 m

Ignoring third- and higher-order interactions among nucleons is an approximation 

that works best for the case of fewer valence particles [BroOl]. As more valence particles 

are added, the effect of higher-order interactions starts to be more significant, but they are 

excluded from shell-model calculations due to computational limitations. Shell-model 

codes including three-body forces are currently under development.

The non-relativistic (NR) Schrodinger equation with this Hamiltonian (Eq. 2.15) is 

not analytically solvable for three or more nucleons, and the problem can only be 

approached numerically. An additional complication is the fact that the nucleon-nucleon 

potentials Vy are not known exactly. The approach of the single-particle shell model is to 

separate the sum of the Vy potentials into two parts: one that is spherically-symmetric 

(the sum of independent-particle potentials Vc(ri) where rt is the distance from nucleon i 

to the center of mass o f the nucleus) and a remaining residual term Vres which is small 

compared with the rest of the Hamiltonian and is treated as a perturbation in first-order 

perturbation theory (Eq. 2.16):
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The solution o f the H0 Hamiltonian is a number of independent-particle energy levels 

corresponding to the case where the nucleons are completely independent of each other, 

and Vc usually takes the form of either VWs or Vho above (Eqs. 2.12, 2.13). The resulting 

independent-particle energy levels and magic numbers are represented in Fig. 2.1 for a 

relatively low excitation energy range.

The application o f the residual potential Vres in first-order perturbation theory has the 

effect o f accounting for the interactions or “correlations” between nucleons beyond the 

spherically-symmetric potential. Different shell-model calculations use different forms of 

the residual interaction, which is caused by pairing, short- and long-range proton-neutron 

interactions, etc.; an extensive review on residual interactions was given in [BroOl], The 

residual interactions are phenomenological and therefore derived from available nuclear 

structure experimental data. A given shell-model calculation provides a set o f effective 

(spherical) single-particle energies (ESPE’s), which are the single-particle energies 

modified by the presence of residual interactions [OtsOla],

Elements of a Shell-Model Calculation

The elements o f a shell-model calculation are:

(1) A choice of “model space”, or the number of independent-particle orbitals where 

valence nucleons (those located outside of an “inert” or closed-shell core) are allowed to 

reside. A “partition” is defined as a specific distribution o f the valence nucleons (nv) in 

the valence orbitals composing the model space. The most accurate results are expected 

when the model space is as large as possible. A “full” or “complete” shell-model
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calculation takes into account all possible partitions (or configurations) in the model 

space, while a “truncated” shell-model calculation imposes a limit on the number of 

partitions that are considered; this imposition is due to limited computational resources.

Figure 2.1
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Schematic diagram (not to scale) of the independent-particle shell-model states 
for neutrons, indicating the locations of the magic numbers and the multiplicity 
(maximum occupancy) of states.
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(2) A set of values for the single-particle energies (SPEs) given by the independent- 

particle shell model, that is, by an inert core described by a mean field [BroOl], e.g., a 

Woods-Saxon or a Harmonic Oscillator potential.

(3) The residual or effective interaction(s), V, used to generate two-body matrix 

elements (TBMEs) between pairs of valence nucleons. The TBMEs have the form: <jjj2 j 

V | j i ’j 2 ,>jr, for all possible combinations of ji orbitals in the model space. J is the 

magnitude of the total angular momentum from the coupling of the nucleon ji angular 

momenta and T is the total isospin o f the pair o f nucleons. The z-component o f isospin of 

a nucleus, Tz, is defined as (N -  Z) / 2. From Tz, the isospin quantum number T can take 

the values T = - Tz, -Tz + 1, ..., 0, ... +TZ. The isospin of a pair of nucleons is thus T = 0 

or 1. The number of TBMEs is also restricted to the limited number of allowed partitions 

or configurations given by the specific truncation method chosen.

A given shell-model calculation starts by selecting a certain model space, a set o f 

values for SPEs, and a set of TBMEs using the appropriate residual interactions. The 

calculation then proceeds by diagonalizing the Hamiltonian matrix thus obtaining the 

corresponding “effective single-particle energies” (ESPEs).

The experimental data in this thesis were compared with two types o f shell-model 

calculations: (1) those where the model space was restricted to the sd shell, especially the 

case using the “universal” SD (USD) interaction, and (2) those calculations where the 

model space included orbitals in the sd and p f shells, focusing on calculations applying 

the so-called SDPF-M interaction.
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sd-Shell Calculations

The most widely used sd-shell interaction is the USD, or “universal” SD interaction 

[Wil84], where the first eight protons and eight neutrons are confined to the s and p 

shells, forming an inert core of 160 . The remaining (Z -  8) and (N -  8) valence nucleons 

are distributed anywhere in the sd shell, which is composed o f the ld 5/2, 2s\n , and ld 3/2 

orbitals located below the N = 20 shell gap (Fig. 2.1). Configurations where valence 

protons and neutrons are confined to sd-shell orbitals are called “normal” configurations. 

The USD interaction was developed by finding a unique set o f TBMEs that fitted a large 

volume of experimental data on sd-shell nuclei, hence its name “universal”.

The computer code OXBASH [Bro88] is used to implement calculations using the 

USD interaction. The calculations involve the three single-particle energies (SPEs) in the 

sd shell, and all possible (63) TBMEs in the sd shell, o f the form <jij2 | V| j i ’j 2,;>- 

OXBASH is said to perform a full shell-model calculation, since it takes into account all 

possible configurations in the model space. A comparison between experimental data and 

predictions by OXBASH showed [Wil80] that the USD interaction alone was not able to

• 30 31 31 32predict the experimentally observed high binding energies of ’ Na and ’ Mg, the first 

experimental indication o f an anomalous region later called the “island o f inversion”.

sdpf-Shell Calculations

An sdpf-shell calculation involves four types of TBMEs [BroOl]:

(A) < sd, sd | V | sd, sd >

(B) < pfi p f I V I pf, p f  >

(C) < sd, p f | V | sd, p f  >
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(D) < sd, sd | V | pf, p f >

The TBMEs are calculated separately for protons and neutrons. A given TBME 

represents “pair scattering” o f a pair o f protons or neutrons. For example, in the case o f 

TBMEs for neutrons, the “cross-shell” term C represents the scattering o f a neutron 

originally located in a certain orbital of the sd shell to another orbital in the same sd shell, 

and the scattering o f the second neutron from a position in the p f  shell to another position 

in the same p f shell. The “off-diagonal” term D represents the case where a neutron in the 

sd shell scatters into the p f shell and another neutron in the sd shell scatters also into the 

pf shell.

Early sdpf-Shell Calculations

The first model that included orbitals other than those in the sd shell alone [Wat81] 

allowed the excitation o f neutrons to the H7/2 orbital. This model assumes, like that using 

the USD interaction, an inert core of 160 . The valence protons are allowed to reside only 

in the ld 5/2 orbital. The valence neutrons first fill the ld 5/2 and the 2sm  orbitals and then 

up to four valence neutrons are allowed to cross the N = 20 shell gap and be located in 

the l f 7/2 orbital. This model found that the N = 18 29Na and 30Mg are equally well 

described by the USD alone or by a model including the H7/2 orbital. The inclusion o f the 

lf7/2 orbital was found to be significant only for N > 19. For example, for the N = 19 30Na 

and 31Mg isotopes, the model including the 1 f7/2 orbital [Wat81] made better predictions 

for the binding energies than OXBASH (using the USD interaction). The structures o f the 

N = 20 31Na and 32Mg isotopes were found to be dominated by the (ld 3/2)'2( l f 7/2)2 2p2h
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(2-particle -  2-hole) configuration, and the predictions for the binding energies in the N = 

20 nuclei were better using this model [Wat81] than using the USD interaction.

One o f the first models incorporating two orbitals ( I fm  and 2 p3/2) out o f the four in 

the p f shell was that o f Poves and Retamosa [Pov87, Pov94]. In their model the inert core 

is 160  and the (Z -  8 ) valence protons are confined to the Id5/2 orbital, while the (N -  8) 

valence neutrons are located either in the sd shell or in two of the orbitals of the p f shell: 

l f //2 or 2 p3/2. Their shell-model truncation allows only for excitation of up to two 

neutrons (2p2h configuration) from the ld 3/2 to the l f ^ .  According to this shell-model 

calculation, the low-energy spectra o f Ne, Na and Mg are predicted to be dominated by 

2p2h configurations for nuclei with N > 20 and Z < 12, suggesting a transition from 

spherical to deformed ground states happening at N = 20. The model predicts a 2p2h 

configuration of the ground state equal to 6 %, 1 1 % and 80% (the remainder being the 

percentage o f OpOh configuration) for 28Ne, 29Ne, and 30Ne, respectively. The model also 

predicts ground-state 2p2h configurations of 5% and 77% for 30Mg and 32Mg, 

respectively. Predicted energy levels of N = 20 30Ne and 32Mg are suggested to fit 

rotational spectra [Pov94], The conclusion o f these calculations is that the dominance of 

“intruder” (2 p2 h) configurations causes deformation, and that the onset of deformation 

takes place at N = 20 for Z < 12 neutron-rich nuclei, in agreement with earlier models 

[Wat81],

The “Island of Inversion” sdpf-Shell Calculation

An improvement beyond the above-mentioned models was proposed by Warburton 

et al. [War90] in a paper which introduced the concept o f the “island of inversion”,
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proposed to be centered at Z = 11 and N = 21. The model incorporates all three orbitals in 

the sd shell (ldj/2, 2 s i/2, and ld 3/2) and all four orbitals in the p f shell (lf?/2, 2 p3/2, U 5 / 2 ,  

and 2pi/2), and the Hamiltonian is called WBMB (developed by Warburton, Becker, 

Millener and Brown). The shell-model calculation is truncated so that valence protons are 

only allowed in the ld 5/2 orbital, excitations to the p f shell are only allowed for neutrons 

(and not for protons), and neutron holes are formed only in the ld 3/2 orbital. Different 

types of TBMEs use different interactions. For type A, the interaction used is the USD 

[Wil84], for type B, the interaction used is the so-called FPMG pf-shell interaction which 

assumes a 40Ca inert core and includes 195 TBMEs for the four levels in the p f shell. The 

cross-shell (C) and the off-diagonal (D) TBMEs are calculated from a Millener-Kurath 

potential. Calculations o f energies of the OpOh and 2p2h configurations yield E(2p2h) < 

E(0p0h) for nine nuclei centered around Z = 11 and N -  21; this region is identified as the 

“island o f inversion” where the ground states are expected to be dominated by intruder 

(2p2h) configurations. These results are consistent with previous shell-model calculations 

[Pov87, Pov04].

In this “island o f inversion” model, the only isotopes calculated to belong to the 

island are a group o f nine isotopes with N > 20, centered around Na. As we will see, 

there is some recent experimental evidence that the dominance o f intruder configurations 

starts at N < 20. The following shell-model calculation (MCSM with the SDPF-M 

interaction) was developed in an attempt to fit these new experimental data and thus 

account for the seemingly larger “island of inversion” region.
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Monte Carlo Shell-Model Calculations (MCSM) and the SDPF-M Interaction

Recently developed large-scale shell-model calculations [Fuk92, OtsOla, OtsOlb, 

Ots04, Uts99, UtsOl, Uts05, Uts07] are collectively referred to as Monte Carlo Shell- 

Model Calculations (MCSM), which use an sdpf-shell interaction called SDPF-M.

MCSM differs from earlier sdpf-shell calculations in the following:

(a) MCSM uses a valence (or model) space where both valence protons and neutrons 

are allowed to reside in any orbital of the sd shell and the U7/2 and 2 p3/2 orbitals of the p f 

shell; the inert core is 160 .

(b) All configurations in the valence space are allowed, that is, the shell-model 

calculation is complete (no truncations). In particular, MCSM allows the promotion of 

any number of valence neutrons (usually one, two or four) up to the maximum filling of 

the two lower orbitals the p f shell, leaving the same number o f holes in the sd shell, 

resulting in the so-called “intruder” configurations ( lplh,  2p2h, 4p4h, etc.).

(c) MCSM uses a computational procedure called the Quantum Monte Carlo 

Diagonalization (QMCD) method [OtsOlb], which is appropriate for solving the large- 

scale Hamiltonian o f this model.

(d) MCSM uses the following TBMEs: for type A, the USD interaction; for type B, 

the Kuo-Brown renormalized G matrix; for C and D, the Millener-Kurath interaction.

(e) The effective or residual interaction in MCSM includes a strong “spin-isosopin 

monopole term” (Eq. 2.17), which is assumed to dominate the structure of the light N ~ 

20 neutron-rich nuclei. The monopole term includes parameters than can be adjusted so 

that the shell-model calculation fits a range o f available nuclear structure experimental
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data. The monopole interaction (Eq. 2.17) is particularly strong between neutrons and 

protons and between spin-orbit partners, that is, levels with the same i  but with j taking 

the values j> = I  + 1/2 and j< -  I  - 14. In the neutron-rich N ~ 20 region a strong 

monopole interaction is assumed to exist between the lds/2(proton) -  ld 3/2(neutron) 

levels.

V0T = fot(ri2) ( o i . o 2) (ti • x2) (2.17)

In Eq. 2.17, and 02 are the spin operators, xi and T2 are the isospin operators, and 

rj2 is the distance between nucleons 1 and 2. Details on the application o f this interaction 

in the MCSM shell-model calculations can be found in [OtsOla],

The idea of the proton-neutron interaction as a significant contributor to deformation 

is not new however. In [Fed77, Fed79] the short-range proton-neutron (p-n) interaction 

was presented as a cause o f deformation not only in light neutron-rich nuclei but across 

the nuclear chart. An example is given where 20Ne (with two valence protons and two 

valence neutrons outside a 160  inert core) has a rotational spectrum while 20O (with four 

valence neutrons) is spherical; the rotational deformation in 20Ne was attributed to the p-n 

interaction.

Predictions of MCSM for the N ~  20 Neutron-Rich Region

In the N ~ 20 neutron-rich nuclei the strong monopole interaction (Eq. 2.17) between 

the Ids/2 protons and the \d-in neutrons is proposed as a unified explanation o f the so- 

called “shell evolution” [OtsOlb, Ots04]: the dramatic change in the extent of the N = 20 

shell gap in the N = 20 isotones when moving from 40Ca to 30Ne as predicted by MCSM 

calculations (Fig. 2.2(b)). This calculated “shell evolution” is contrasted with the virtually
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constant N = 20 shell gap (~5 MeV) predicted by the independent-particle shell model, as 

well as by other shell-model calculations which do not take the proton-neutron interaction 

into account (Fig. 2.2(a)).

According to the MCSM calculations in Fig. 2.2 (b), while the N = 20 shell gap is ~ 6  

MeV in 40Ca (Z = 20), it gets reduced to ~3 MeV in 32Mg (Z -  12) and ~2 MeV in 30Ne 

(Z = 10). The reduction in the N = 20 shell gap (with the simultaneous increase in the N 

= 16 gap) is most significant when moving from Z = 1 4 t oZ  = 10 at constant N = 20 (34Si 

to 30Ne) due to the steep slope of the ld 3/2 neutron orbital, resulting in a closer approach 

between the neutron ld 3/2 and H7/2 levels. The steep slope of the neutron orbital 

between Z = 14 and Z = 10 can be understood as due to the removal o f the protons 

located in the d5/2 proton orbital so that the effective interaction between the 7id5/2 and the 

vd3/2 gets reduced and the d3/2 neutrons become less bound. The resulting weakening of 

the N ~ 20 shell gap in turn favors the promotion of pairs of neutrons to the p f shell 

(leaving pairs of holes in the sd shell). Additional correlations between the lds/2 protons 

and the H7/2 and 2 p3/2 neutrons contribute to the additional binding of these neutron-rich 

nuclei.

Figure 2.2 compares the predicted evolution o f the N = 20 shell gap in the N = 20 

isotones from 40Ca to 280 , calculated by two different shell-model codes: OXBASH with 

the WBMB interaction (Fig. 2.2(a), [War90]) and MCSM with the SDPF-M interaction 

(Fig. 2.2(b), [Uts99, OtsOla]); the latter calculation includes a strong proton-neutron 

interaction, while the first does not. While the calculations with the SDPF-M interaction 

show a dramatic reduction of the N = 20 gap when moving from Z = 20 to Z = 10 in the 

N = 20 isotones, the calculations using the WBMB interaction [War90] show only a
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moderate decrease o f the shell gap from -7  MeV in 40Ca to -5 .5  MeV in 30Ne. According 

to [War90], the decrease in the N = 20 shell gap between the sd and the p f shells 

contributes to but it is not the primary cause o f the inversion (intruder dominance of the 

ground state). The model by [War90] predicts that the island o f inversion region is

T9 •restricted to only nine nuclei centered around Na. However, more recent experiments on 

nuclei located at the transition to the island o f inversion show that the island of inversion 

includes also nuclei with N < 20. The MCSM model with the SDPF-M interaction instead 

is able to predict inversion in nuclei with N < 20; the better comparison o f the MCSM 

predictions with experimental data is suggested to be due to the drastic reduction in the N 

= 20 shell gap, or “shell evolution. The reduction in the N = 20 shell gap is attributed to 

the strong effect o f the proton-neutron interaction, an effect that was not included in 

models such as [War90] and many other earlier shell-model calculations.

Often, the normal (OpOh) and intruder (2p2h) configurations predicted by 

calculations using the SDPF-M interaction are close in energy, giving rise to a shape 

coexistence behavior: a coexistence of spherical and deformed ground states. 

Deformations may include rotational and/or vibrational modes.

Figure 2.3 shows the composition of the ground states o f the N = 20 isotones [UtsOl]

T1 T9predicted by MCSM. While the 2p2h configuration is dominant in Na and Mg, the 

strong mixing o f 4p4h is evident in 29F and 30Ne. The dominance of the 2p2h 

configuration in 31Na and 32Mg compared to 29F and 30Ne is consistent with a large static 

quadrupole deformation which brings down a deformed (Nilsson-like) orbit from the p f 

shell and increases the energy o f a deformed orbit from the sd shell. The large 4p4h 

probability in 29F and 30Ne is due to the reduced effective shell gap for neutrons.
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Figure 2.2 Evolution of the N = 20 shell gap with Z in N = 20 isotones from 40Ca (Z = 20) to 
280  (Z = 8), predicted by shell-model calculations using the OXBASH code with 
the WBMB interaction and the MCSM code with the SDPF-M interaction, (a)
Effective single particle energies (ESPEs) of neutrons relative to the ESPE of the 
neutron ld 3/2 orbital, calculated by OXBASH with the WBMB interaction (adapted 
from [War90]), (b) ESPEs of neutrons calculated by MCSM with the SPDF-M 
interaction (adapted from [Uts99, OtsOla]).
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Figure 2.3 Calculated (MCSM) ground-state composition of N = 20 isotones in terms of 
normal (OpOh) and intruder (2p2h and 4p4h) configurations, adapted from 
[UtsOl].

Predictions of MCSM for the Neutron-Rich Neons

MCSM calculations [Uts99] provide values for the E(2i+), E(4i+) and B(E2) in 

neutron-rich Ne isotopes (Figs. 2.4 and 2.5), o f interest in this study. Decreasing values 

o f excitation energies and increasing values o f B(E2) predicted by MCSM show the 

increase in deformation of the neutron-rich neons as neutrons are added, starting from 

26Ne (N = 16) and showing a maximum deformation expected for 32Ne (N = 22).

While earlier sdpf-shell calculations such as [Pov87, Pov94] predicted that intruder 

configurations would start to dominate the ground-state wave functions at N -  20, 

MCSM calculations [Uts99] predict that the intruder dominance in the ground state is 

already significant at N = 19. MCSM also shows discrepancies with earlier models

98  98regarding the structure o f Ne (N = 18). In the island of inversion model [War90] Ne 

was classified as a “normal” nucleus, while in MCSM [Uts99] 28Ne has a mixed 50-50%

98normal-intruder configuration in the ground state, so that Ne is likely to be at the border

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of the island of inversion. Experimental data on the neutron-rich neons, and especially on 

N = 18 28Ne, constitute a key measurement to test current shell-model predictions and the 

transition to the island o f inversion.

6

Energy 
(MeV) 4

2 

0

Figure 2.4 Predictions for the E(2j+) and E(4j+) energies (MeV) in neutron-rich neons, 
adapted from [Uts99]. The open triangles and diamonds are the 2i+ and 4i+ 
energies, respectively, calculated using the SDPF-M interaction. The filled triangles 
are experimental 2i+ energies. The crosses represent 2i+ energies calculated by the 
sd-shell model.
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Figure 2.5 Predictions for the B(E2) values (e2fm4) in neutron-rich neons, adapted from 
[Uts99]. The open triangles mean values calculated with the SDPF-M interaction, 
while the crosses were obtained using the sd-shell model.
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2.3 Collective Models and Collective Phenomena

The independent-particle shell model works best when there are only a few valence 

nucleons outside an inert or closed-shell inner core. When the number of valence 

particles increases, the experimentally-observed excited states of the nucleus are located 

at energies lower than predicted by the “pure” independent-particle model. The first 

excited state o f even-even nuclei is almost always a 2i+; a low energy o f the 2 i+ state, 

E(2i+), is a sign o f collectivity in the nucleus. An intuitive explanation for the low E(2i+) 

is offered by assuming that this state is the result o f the collective interaction o f a large 

number of nucleons: not only the valence nucleons but also those located in inner lower- 

energy shells.

Several nuclear properties are used as indicators of collective phenomena, in 

particular: the energy E(2i+), the ratio o f E(4i+)/E(2i+), the magnetic dipole moment of 

the 2i+ state p(2i+) in units o f pn, and the electric quadrupole moment of the 2i+ state 

Q(2i+) in bams, as well as transition strengths such as B(E2; Oi+(g.s.) -> 2i+) and B(M1) 

values. From some of these magnitudes it is possible to derive other parameters that are a 

measure o f the degree of collectivity o f the nucleus, specifically the intrinsic quadrupole 

moment Qo and the deformation parameter (3 (Section 2.3.2).

2.3.1 Vibrational and Rotational Collective Excitations

E(2i+) decreases for increasing A, except for discontinuities near closed shells. The 

ratio of E(4i+)/E(2i+) has values between two extremes: ~2, characteristic o f vibrational 

excitations around a spherical equilibrium shape (most frequent for nuclei with A < 150),
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and ~ 3.3, characteristic o f rotational excitations above a non-spherical equilibrium shape 

(most frequent for nuclei with 150 < A < 190 and A > 230 [Kra88]).

Vibrational Excitations

Vibrational excitations are described by the Bohr and Mottelson model [Boh75], 

Equation 2.18 introduces a time-dependent radius as a function of a number of 

parameters, where Ro is the radius o f the spherical equilibrium shape. Only quadrupole 

vibrations are considered here, as they are the most common types of vibrations observed 

in nuclei. The expression for the temporal variation of the radius, restricted to quadrupole 

vibrations so that p = 0, ±1, ±2, is given by:

\
l + £ a „ ( t ) Y I(, (0 ,* )

V /'=‘2
(2.18)

The quantities oy, (p = 0, ±1, ±2) in Eqs 2.19-2.21 are called deformation parameters. 

If one or more of the ay, parameters are ^  0 the nucleus is deformed; otherwise it is 

spherical. Deformation in nuclei is commonly expressed as a function of the Bohr

variables, |3 and y, which are related to the ay, coefficients by the following expressions:

a 0=Pcosy  (2.19)

a 2 = a_2 = -j=r p siny (2.20)
V2

a i = a _ i = 0  (2.21)

The vibrational spectra can then be classified according to the values of p and y, and 

vibrations are many times referred to as P~ and y-type. Since the excitations are o f the 

quadrupole type, the p value is also referred to as P2 (P and P2 are used interchangeably).
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Quadrupole vibrational excitations are characterized by the spherical harmonics of 

order two, Y2|J(9,(p). Lower- and higher-order harmonics are not taken into account, as 

dipole modes do not give rise to vibrational excitations at low excitation energies, while 

higher-order vibrations (octupole, etc.) are not relevant for light nuclei.

Quadrupole vibrations of spherical nuclei are characterized by (3 = peqUii = 0, and any 

value of y. In the limit of pure unperturbed quadrupole vibrations, the lowest vibrational 

states are equally separated in energy, equal to a phonon or quantum of vibrational 

energy e. The energy of each vibrational state n is then E = e n, and each vibrational state 

contains a series of vibrational multiplets o f different I value (for n = 0 ,171 = 0+; for n = 1, 

I71 = 2+; for n = 2 ,171 == 0+, 2+, 4+ (coupling o f two phonons with I71 = 2+ each); for n = 3, L 

= 0+, 2+, 3+, 4+, 6 + (coupling of three phonons with I71 = 2+ each); etc. The individual 

members of a multiplet have exactly the same energy in the extreme limit o f pure 

unperturbed quadrupole vibrations. Quadrupole vibrations carry two units of angular 

momentum and can be o f two types: K = 0 and K = 2. K = 0 are known as P vibrations: 

the vibration is aligned along the symmetry axis and therefore preserves axial symmetry. 

The K = 2 model is called a y vibration and represents a dynamic time-dependent 

excursion from axial symmetry.

Rotational Excitations

Rotations take place on the basis o f a deformed nucleus, that is, a nucleus having a 

permanent quadrupole deformation in its ground state, assumed cylindrical.

As the ground-state shape o f the nucleus is cylindrical, the spherical harmonics in 

Eq. 2.18 depend only on 0, i.e., Y2|J(cos 0). Restricting to the case of an axially symmetric
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deformation characterized by a constant equilibrium deformation peqmi i1 0 , there are two 

types o f rotations, depending on whether y = 0°, or y can take any value (y instability). In 

the case o f y = 0 °, the rotational spectra consist o f a series o f energy levels, called bands, 

connected by large electric quadrupole (E2) transitions. Within each band, the excitation 

energies are given by Eq. 2.22, which is the quantum-mechanical version of the energies 

o f a body undergoing classical rotations:

E = l y I ( I + 1 )  <2,22)

In Eq. 2.22, C, is the moment o f inertia of the nucleus about its symmetry axis z, and I 

is the total angular momentum, or spin, o f a given excited state. In even-even nuclei, the 

band built on the ground state is composed o f levels with I71 = 0+, 2+, 4+, etc.; levels are 

connected by greatly enhanced probabilities for electric quadrupole (E2) transitions.

Nuclei never behave like rigid rotors, but instead the experimental moments of 

inertia are lower than the predictions assuming a rigid rotor.

2.3.2 Deformation Parameters

Assuming that the excited 2\+ state of a nucleus fits the rotational model, an 

expression has been derived [Boh75] that allows relating the intrinsic quadrupole 

moment Qo to the reduced transition probability B(E2; 0i+ -> 2\+), as expressed in Eq. 

2.23, where e is the electronic charge:

B ( E 2 ; 0 ^ 2 1+) = - | -  e 2 Q 2 (2.23)
1671

Also within the rotational model, the intrinsic quadrupole moment Qo is to first

order directly proportional to the quadrupole deformation parameter P2 (Eq. 2.24):
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3  r -r  - r \  2Z R  (32 (2.24)

Combining Eqs. 2.23 and 2.24, the quadrupole deformation parameter can be 

expressed as:

where B(E2T) is the transition strength B(E2; 0i+ -> 2i+). In Eqs. 2.18, 2.24 and 2.25, R 

represents the radius of the equivalent spherically-shaped nucleus of the same volume.

2.4 The Nilsson Model

The Nilsson model can be considered a single-particle shell model where the 

potential has been modified to be deformed rather than spherical, and was proposed to 

account for properties o f deformed nuclei whose structures are not near closed-shell 

behavior. While the spherical potential did not allow for a distinction in the energies of 

different magnetic substates of a given orbit i ,  this degeneracy is broken in the deformed 

potential of the Nilsson model. The Nilsson potential is that of a harmonic oscillator 

where the oscillator frequencies are different along the three Cartesian coordinates. If  the 

potential is cylindrical and the symmetry axis is z, there are two different oscillator 

frequencies: cox = ©y and coz. Once the Elamiltonian is solved, the eigenvalues can be 

written:

E (N, nz) = hcox(N-nz+ l)  + hcoz(nz+ l/2) (2.26)

where N = nx + ny + nz

In addition, spin-orbit and other terms can be added to the Nilsson model in a way 

similar to the case o f the spherical shell model.

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Resulting level sequences are called Nilsson diagrams, such as the one in Fig. 2.6, 

which is valid for neutrons or protons where N(Z) < 50. The abscissa, £2, is a deformation 

parameter (sometimes also denoted 8 ) that takes a positive (negative) value when the 

nucleus is prolate (oblate), and which is related to the quadrupole deformation parameter 

P2 by Eq. 2.27:

82 = 0.946 p2 (2.27)

Each of the levels in the Nilsson diagram (Fig. 2.6) is labeled with the four numbers 

O [N nz A] where Q is the z-component (along the nuclear symmetry axis) of the angular 

momentum quantum number for that state, N and nz are the quantum numbers in Eq. 

2.26, and A is a quantum number representing the z-component of orbital angular 

momentum I. The total angular momentum j o f each orbital (unlike in the spherical shell 

model) is not a good quantum number any more; the number I  is also not a good 

quantum number in the Nilsson model. For zero deformation all the levels corresponding 

to the same j are degenerate. As deformation increases, the ordering of the energies also 

changes, even leading to the crossing o f the original levels. The Nilsson diagram in Fig. 

2.6 offers a possible explanation for the reduced N = 20 shell gap corresponding to a 

prolate deformation o f the neutron-rich nuclei as will be further addressed in the 

discussion o f the results (Chapter 6 ).
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Figure 2.6 Nilsson diagram for Z or N < 50 representing the single-particle levels as a 
function of the deformation parameter £2.
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Chapter 3

Fragmentation and Few-Nucleon Knockout Reaction Theory

Since pioneering work three decades ago [Sym79], fragmentation [Mor98, Pod06] 

and few-nucleon knockout reactions [Han03] have increasingly been used as tools to 

produce and study neutron-rich nuclei. As more energetic and intense beams become 

available at facilities such as NSCL, RIKEN, GANIL, etc., it is possible to study nuclei 

with ever increasing neutron excesses. Neutron-rich nuclei have also been obtained in p- 

decay experiments, although this technique is limited by the fact that the P-decay parent 

of a desired neutron-rich product is often unbound [Ree99]. Other reactions such as 

Coulomb excitation [Gla98] and inelastic scattering [Yan03] are used to study excited 

states of neutron-rich beams.

In this thesis, fragmentation (Section 3.1) and few-nucleon knockout reactions 

(Section 3.2) were used to produce and study N ~ 20 neutron-rich isotopes. 

Fragmentation of a “primary” 48Ca beam was used to produce “secondary” neutron-rich 

beams, which subsequently underwent few-nucleon knockout reactions to produce and 

study neutron-rich N ~ 20 neon isotopes.

Nuclear reactions can be generically written A(a,b)B, where A is the target, a the 

projectile, b an outgoing particle, and B a recoiling residue into which the target is 

transformed. When a and b are the same particle (and therefore A and B the same 

nucleus), the reaction is called scattering: elastic if  B and b are in their ground states so

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



that the system’s kinetic energy is conserved (only the trajectories and individual kinetic 

energies of the particles vary), and inelastic when part of the kinetic energy o f the 

reactants A and a is converted into excitation energy of B and/or b. Scattering reactions 

are caused by both the strong and the Coulomb forces of the nucleus. In particular, 

inelastic scattering is used to populate and study excited states; an example from the 

neutron-rich region is the proton inelastic scattering of 30Ne incident on a liquid hydrogen 

target [Yan03]. Coulomb excitation is caused by only the electromagnetic interaction 

between projectile and target resulting in the target gaining excitation energy. Coulomb 

excitation o f even-even neutron-rich targets has been employed to populate their first 

excited states and to measure the corresponding reduced transition probability, B(E2; 0i+ 

2i+), thereby providing information on their collectivity [Gla98]. Coulomb excitation 

experiments are performed at relatively low beam energies, typically less than -80%  of 

the Coulomb barrier, in order to avoid contributions from the strong force.

Both fragmentation and knockout are types of “direct reactions”. Direct reactions 

take place at high beam energies so that the time for the projectile to traverse a dimension

equal to the nuclear diameter is much smaller than the nuclear period, defined as the time

22for a nucleon to describe a nuclear orbit (equal to -1 0 ' s for a nucleus o f A -  30 and 

typical nucleon kinetic energy o f -3 0  MeV). For an incident beam energy > 100 MeV/A, 

the time to traverse the nuclear diameter is < 10“ s and thus the interaction time is short 

compared to the characteristic nuclear period.

Because o f the large incident energy and short interaction time, in a direct reaction 

the projectile’s deBroglie wavelength is small enough that it becomes more likely for the 

projectile to interact with a nucleon-sized object rather than with the nucleus as a whole
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or many nucleons [Kra88 (p. 419), Sat83, Sat90], As a consequence, direct reactions 

involve only a few nucleons, while the rest of the nucleons behave as passive spectators. 

Direct reactions also have a high probability to be peripheral.

3.1 Production of Neutron-Rich Nuclei by Fragmentation

Fragmentation, as it is referred to in this work, is a nuclear reaction where a heavy 

projectile above the energy o f ~50 MeV/A collides peripherally with a light target 

nucleus [Mor98]. Fragmentation is described in terms of a “participant-spectator” model 

[Wes76]. The projectile-target overlapping region disintegrates into its constituent 

nucleons and the remaining or “spectator” part of the projectile becomes a “projectile 

fragment”, having a larger excess of neutrons than the original projectile. Assuming 

protons and neutrons are uniformly distributed throughout the nuclear volume, a simple 

calculation illustrates how a fragment can have a larger excess o f neutrons than the

• 48  •projectile from which it originated. For example, given the fragmentation o f Ca with 

(Zj, Nj) = (20, 28) and Nj/Z* = 1.40, and assuming the removal o f four nucleons (two 

protons and two neutrons), the resulting fragment has (Zf, Nf) = (18, 26), corresponding 

to a Nf/Zf = 1.44, larger than the original 1.40.

Due to the high reaction energy, the projectile fragment is emitted mostly in the 

forward direction, retaining most of the original beam energy (above -90% ).

A common technique in radioactive-beam facilities is to perform fragmentation in 

two sequential steps with the goal o f reaching nuclei further away from stability than 

possible with only one fragmentation step [Mor98].
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Fragmentation has been theoretically explained by the two-step abrasion-ablation 

(AA) model [Gai91] (Section 3.1.1). Since cross sections have been found to be mostly 

independent o f the beam energy in the range between -100 and 2000 MeV/A, the 

Empirical Parametrization of Fragmentation Cross Sections (EPAX) (Section 3.1.2) has 

been developed to estimate fragmentation cross sections based on available experimental 

reaction data. The LISE computer code [Baz02, Tar07] (Section 3.1.3) uses the abrasion- 

ablation theory of fragmentation to estimate yields and cross sections of fragments from 

the impact of heavy beams on light targets in particular radioactive-beam facilities.

3.1.1 Abrasion-Ablation Model of Fragmentation

Fragmentation is modeled as a two-step process called abrasion-ablation (AA) 

[Gai91, Huf75]. In the first non-equilibrium abrasion step, projectile “pre-fragments” are 

formed by the removal or abrasion o f a number of nucleons due to the peripheral 

collision of the heavy projectile with a light target. This remaining portion of the 

projectile is thus composed of a number of “spectator” nucleons and is left with an 

excitation energy caused by the removal o f nucleons during the abrasion process. The 

number of abraded nucleons depends on the projectile impact parameter. The abrasion 

model includes estimates for the excitation energy and angular momentum of the pre

fragments.

In the second stage (ablation), the pre-fragments undergo deexcitation by a quasi

equilibrium statistical decay involving particle and/or y emission to form the final 

fragments.
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The AA model of [Gai91] has been implemented in a Monte Carlo code called 

ABRALA. The predictions by ABRALA for the yield of fragments vs. their mass number 

A show good agreement with experimental data.

3.1.2 EPAX Parametrization of Fragmentation Cross Sections

Fragmentation is not well understood theoretically. Also, at a given beam energy, 

there is usually a mixture of processes (not just fragmentation) leading to the final 

products. The approach to predict the cross sections is therefore an empirical one, where 

formulas for cross sections, given by the EPAX empirical parameterization, are obtained 

by fitting to experimental data [SumOO]. The EPAX cross sections are found to reproduce 

-85%  of the experimental fragmentation cross section data within a factor o f 2. The 

parametrization is more likely to fail far from stability because there are less 

experimental data. In this region, EPAX could differ from reality by factor of 5 [SumOO].

3.1.3 Computer Modeling of Fragmentation: LISE

LISE [Baz02, Tar04, Tar07] is a computer program that simulates the production and 

transport of radioactive ion beams by fragmentation in selected fragment-separator 

facilities. In particular, we used the LISE configuration files corresponding to the A1900 

fragment separator and the S800 spectrograph (Chapter 4) at the National 

Superconducting Cyclotron Laboratory (NSCL) at Michigan State University (MSU), 

where the experiments were carried out. LISE was used to select primary beam types and 

intensities (in pps, or particles per second), target materials and thicknesses, energy- 

degrader wedge-shaped materials and thicknesses, A1900 and S800 magnetic rigidity
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(Bp) settings, etc., to achieve a given composition, intensity and purity o f the secondary 

beams, and to select desired final fragments at certain minimum production rates and 

yields. The yield o f a specific fragment is the ratio of the number o f fragments of that 

type divided by the total number o f fragments produced in the reaction. LISE is also used 

to plot the predicted particle identification (PID) spectrum at the S800 focal plane so that 

it can be used for comparison with the focal plane spectrum during an experimental run. 

The feasibility of an experiment depends fundamentally on the intensity o f the secondary 

beams and final fragments. Because o f uncertainties in the cross section libraries, LISE 

provides an “order o f magnitude” estimate o f intensities, i.e., predicted intensities could 

differ from experimental ones by a factor o f 2 or 5, but usually not more than 10.

3.2 Few-Nucleon Knockout Reactions

Few-nucleon knockout reactions [Han03] are a type of direct reactions [Sat83] where 

relatively heavy and energetic (>50 MeV/A) beams interact with a light target resulting in 

the removal of one or two of the projectile peripheral nucleons while the remaining 

nucleons o f the beam behave as passive spectators. As knockout reactions remove one or 

two nucleons from a shell-model orbital they are used to explore the single-particle shell 

structure o f neutron-rich nuclei.

Because few-nucleon knockout is a direct reaction, generally written A(a,b)B, its 

cross section is specified by a quantum-mechanical transition amplitude or transition 

matrix element M between the initial state A,a and the final state b,B, and therefore 

involves an overlap between their wave functions [Kra88 (Ch. 11), Sat83], The overlap, 

and thus the cross section, is proportional to the difference between the initial and final
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states, i.e., is related only to the few removed nucleons and does not involve any o f the 

other nucleons. In Eq. 3.1, the interaction V generally depends on many nuclear 

coordinates, vj/’s are wave functions o f the nuclei involved in the reaction, and dt) is an 

element of volume in the integration:

M = JVL V b V \)/Av|/adL> (3' 1}

As a first approximation (plane-wave Born approximation, or PWBA), the incoming 

and outgoing wave functions, \|/a and \(/b, are treated as plane waves [Sat83]. The optical 

model is then used to take into account a distortion effect caused by the target nucleus on 

the incoming and outgoing plane waves, which is the basis of the distorted-wave Bom 

approximation, or DWBA [Sat83],

3.2.1 One-Proton Knockout Theory

In one-proton knockout [Nav98, Tos99, SauOO, MadOl, TosOl, Tho03, Tos04a, 

Gad04a, Gad04b] the projectile of atomic mass number A interacts with the light target 

losing a proton and thus forming a “projectile residue” o f mass A -l, also called the 

“core”. The core continues moving in the forward direction with an energy close to that 

o f the incident projectile energy.

One-proton knockout takes place by two modes of interaction [Han03]:

(a) “Stripping” or “inelastic breakup” (the most probable o f the two modes), 

where the proton that is knocked out from the projectile o f mass A is 

absorbed by the light target (Fig. 3.1(a)).

(b) “Diffractive dissociation” or “elastic breakup”, where the removed proton is 

emitted elastically and not absorbed by the target (Fig. 3.1(b)).
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(a) Stripping

PROJECTILE TARGET
(Mass A) (MassT)

TARGET’ 
(MassT+1)

PROJECTILE RESIDUE 
(Mass A-1)

/ >

y  ray

(b) Diffractive dissociation

Y ray
■* Free proton

TARGET PROJECTILE RESIDUE
(MassT) (Mass A-1)

Figure 3.1 Schematic diagram of two modes of one-proton knockout: (a) stripping or 
inelastic breakup, and (b) diffractive dissociation or elastic breakup, adapted 
from [Ter06b].

To model the one-proton knockout cross section, two approximations are made 

based on the high incident energy o f the projectile [Han03]:

(a) The “sudden approximation”, due to the fact that the reaction takes place

within a short reaction time. Given this approximation the reaction is 

assumed to proceed in one step, excluding the possibility o f multi-step

processes. The relative motion o f the core with respect to the removed

nucleon is considered frozen during the collision.
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(b) The projectile and the ejected proton are not deflected from their straight-line 

trajectories by their interaction with the target. This assumption allows the 

application of the “eikonal” or optical limit of the Glauber theory [Tos99, 

TosOl],

Approximations (a) and (b) above justify the application of a “semi-classical theory” 

using elastic S matrices, also called profile functions [Tos99, TosOl]. The semi-classical 

approximation is generally valid in scattering theory [Mar69, p. 970] and is based on 

describing the reaction in terms of the impact parameter of the relative motion of 

projectile and target [Han03].

The final state o f the system (Fig. 3.2(b)) is treated as a three-body problem of 

projectile residue (“core”), proton, and target. The elastic S matrices correspond to the 

core-target (Sc) and proton-target (Sp) interactions.

(a)

PROJECTILE TARGET
(Mass A) (Mass T)

(b)
EJECTED PROTON (P)

TARGET PROJECTILE RESIDUE OR “CORE” (C) 
(MassT) (Mass A-1)

Figure 3.2 Schematic diagram of a one-proton knockout reaction indicating initial (a) and 
final (b) states. The final state (b) is modeled as a three-body problem of projectile 
residue (“core”), proton and target.
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The proton-target interaction is parametrized by a conventional optical potential, 

which allows for the proton to be either absorbed or not by the target [Han03]. The 

proton-core interaction is treated with a Woods-Saxon potential, i.e., the proton is 

described by the independent-particle model.

Given that the projectile is in a state J”, the core at Ic”, and the removed nucleon at j, 

so that J = Ic + j, the expression in Eq. 3.2 relates their angular momentum values:

I Ic — j | < J < Ic + j (3.2)

The cross section for formation of the projectile residue or core at a given state Ic71 of 

spin Ic and parity n (Eq. 3.3), o(Ic”), consists of a sum over the allowed angular 

momentum transfers (represented by n tj) of the product of two terms: (1) the 

spectroscopic factor, C2S (ntj, Ic71), given by shell-model calculations and which reflects 

structure effects, and (2) the single-particle cross section, a sp (ntj, Speff), given by the 

Glauber or eikonal model, which represents the reaction effects. Structure and reaction 

terms are therefore completely separated in one-proton knockout theory.

<T(IJ) = Z  C!S(irfj,IJ) £T„,(n<j,Sf ) (3.3)
nfj

In Eq. 3.3 the spectroscopic factor C2S (ntj, Ic71) for the removed proton with given 

single-particle quantum numbers n tj with respect to the core state Ic” is given by shell- 

model calculations [Bro07b] and is related to the occupation number of that particular 

single-particle orbital (nlj) in the final state (Ic”) of the core [Bro02], As the Ic” state is 

generally not a pure single-particle state but a linear combination of them with 

coefficients a;, the spectroscopic factors are the values |aj| . Spectroscopic factors thus 

represent the overlap between the initial state wave functions o f the projectile (of mass A) 

and of the Ic” state o f the core (of mass A-1).
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The single-particle cross section, a sp (nfj, Speff), for the removal o f one proton from a 

single-particle state with quantum numbers nfj in Eq. 3.3 depends on the state n tj and on 

Speff, the assumed effective separation energy of the proton. Speff is the sum of the 

projectile’s proton separation energy and the excitation energy of the Ic” core state. The 

single-particle cross section is a combination o f stripping and diffraction contributions. 

Equation 3.4 represents the stripping component o f the single-particle one-proton 

knockout cross section derived by [Han03]:

i2) i s c i! i ^ > (3-4)

In Eq. 3.4, the proton-core relative-motion wave functions, |(pjm>5 were calculated in 

a Woods-Saxon potential with radius parameter ro = 1.25 fm and diffuseness parameter a 

= 0.7 fm, where the depth of the potential was adjusted to reproduce the separation 

energy of the proton in the initial state with given nfj. The Sp and Sc are elastic S 

matrices (or profile functions) for the proton-target and the core-target systems, 

respectively, and are expressed as functions o f their individual impact parameters with 

the target. The method using S matrices involves plane waves.

The equation for a sp (Eq. 3.4) has a simple interpretation. It is the integral over 

impact parameter b and averaged over m substates of the joint probability o f the proton 

interacting and being absorbed by the target, given by (l-|Sp|2), and of the core being 

elastically scattered by the target and therefore being left intact by the reaction, given by 

|Sc|2. The quantity between brackets is the expectation value of this operator (1-|SP|2) |Sc|2 

evaluated in the phase space o f the proton-core system, described by the wave function
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The corresponding single-particle cross section for diffractive dissociation is similar 

to that of stripping [TosOl, Han03]; however, in diffractive breakup, the expression for 

the cross section contains a sum over all continuum relative motion final states of the 

proton-core system, as the proton is ejected rather than absorbed by the target.

Recent experimental data point to a systematic reduction in the experimental 

inclusive one-proton cross sections when compared with the theoretical ones. In one- 

proton knockout the reduction factor Rs = ajncexp / Ojncthcor was found to be between 0.6 

and 0.7 in a variety o f moderately neutron-rich nuclei [Bro02, Han03, Gad04b, Ter04, 

Ter06a].

3.2.2 Two-Proton Knockout Theory

Two-proton knockout has recently been shown to occur as a direct reaction [Baz03b, 

War03, Tos04b, Yon06], By using tabulated proton and neutron separation energies 

[ENS07] it can be shown that a direct two-proton removal is energetically favorable 

compared to the sequential removal of one proton at a time. For example, in the two- 

proton knockout of 32Mg studied in this thesis, the one-proton separation energy, Sp, from 

32Mg to 31Na is 21 MeV. The subsequent evaporation o f one neutron from 31Na (Sn = 4

T1MeV) is more energetically favorable than the evaporation o f one proton from Na (Sp = 

18 MeV). Therefore, the sequential removal of two protons from 32Mg is much less likely 

than their direct simultaneous two-proton knockout.

Two-proton knockout theory is based on the same principles as those o f one-proton 

knockout. The main difference is that, while in single-nucleon knockout the cross section 

factors into a product of a reaction dynamics and a structure term, this does not generalize
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in the same way to reactions involving the simultaneous removal o f two nucleons. The 

transition amplitudes now mix the reaction and structure parts. As two protons are 

simultaneously removed, many two-particle components will contribute to the cross 

section within each total-angular-momentum channel.

One o f the benefits o f investigating two-proton knockout reactions is that they can 

serve to study whether the pairs o f protons are or are not “correlated”. Two protons are 

said to be uncorrelated [Tos99] when each of them moves independently o f the other, 

under the influence o f a common central field. The two protons are said to be correlated 

[Tos04b, Tos06a, Tos06b] when their movements are influenced by each other and their 

behavior deviates from the central-field description.

The cross section for removal of two uncorrelated protons (Eq. 3.5) is derived as an 

extension o f the case for one-proton knockout (Eq. 3.4) [Tos99]:

o-™ =“ - : T 7 !- r Z j< iB < /,m,.< 2n ,2 | ( l - | S J i )0 - |S PJ|J) |S c |2K ,n i1, ^ n i ! > (3.5)
1 " f  t  2 ~ i~  1  m i m 2

The final state of the system (Fig. 3.3(b)) is treated as a four-body problem of 

projectile residue (“core”), two protons, and target. The elastic S matrices correspond to 

the core-target (Sc) and proton-target (Spi and Sp2) interactions. In Eq. 3.5, the individual 

proton-core relative-motion wave functions \i\mi,Z2m 2> are calculated by using Woods- 

Saxon potentials with depths adjusted so as to reproduce the proton separation energies. 

Spi and Sp2, the elastic S-matrices corresponding to the interaction o f each of the protons 

with the target, are functions of their individual impact parameters. Diffractive processes 

are assumed negligible or very small for the neutron-rich systems with very deeply bound 

protons.
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(a) (b)

EJECTED PROTONS (P, AND P2)

A+2

PROJECTILE TARGET j TARGET PROJECTILE RESIDUE OR “CORE” (C)
(Mass A+2) (Mass T) (Mass T) (Mass A)

Figure 3.3 Schematic diagram of a two-proton knockout reaction indicating initial (a) and 
final (b) states. The final state (b) is modeled as a four-body problem of projectile 
residue (“core”), two ejected protons and the target.

Equation 3.5 can be interpreted as the integral over the two-dimensional impact 

parameter b and averaged over m-substates o f the joint probability of the core being 

elastically scattered and o f the two protons being absorbed by the target, thus 

representing the case o f two-proton stripping. Equation 3.5 gives the cross section for the 

knockout of a given two-proton pair. To obtain the cross section to a given Ic71, the two- 

proton knockout theory [Han03] incorporates the effect o f all possible combinations of 

two-proton pairs. A first simple approximation, proposed by [Baz03b, Baz04] when 

studying two-proton knockout of neutron-rich Mg isotopes, consists in multiplying the 

two-proton cross section in Eq. 3.5 by a factor taking into account all possible pairs of 

valence protons, assuming that valence protons are uncorrelated. The paper by [Baz03b] 

addresses the two-proton knockout o f 28Mg, which has 12 protons with the configuration: 

(lsi/2)2(lp 3/2)4(lpi.2)2( ld 5/2)4, where there are 4 valence protons (p = 4) in the ld 5/2 orbital. 

[Baz03b] multiplied the two-proton cross section in Eq. 3.5 by the factor Np = p(p-l)/2,
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which is the number of different ways to pick two protons out o f p valence protons. 

Multiplying the theoretical cross section in Eq. 3.5 by Np = 6 resulted in a theoretical 

cross section which was within 20% of the experimental one.

The effects o f two-proton correlations have been addressed in a number of recent 

papers [Tos04b, Tos06a, Tos06b]; these effects are incorporated by using “two-nucleon 

amplitudes”, which are the equivalent o f spectroscopic factors in the case o f single

nucleon knockout.

Recent experimental data indicate that there is a systematic reduction in the 

experimental inclusive two-nucleon cross sections when compared to the theoretical 

ones. In two-nucleon knockout the reduction factor Rs = a incexp / ajnctheor was found to be 

~0.5 [Tos06b, Yon06],
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Chapter 4 

Experimental Equipment and Methods

4.1 Summary of the Experimental Technique

Two-step fragmentation/knockout reactions were used to produce neutron-rich 

isotopes of Mg, Na, and Ne in two experiments referred to as: E03053, carried out in 

December 2004, and E05122, carried out in September 2006, at the National 

Superconducting Cyclotron Laboratory (NSCL), Michigan State University (MSU). 

Figure 4.1 depicts the layout o f the NSCL facility. In both experiments, the first reaction 

consisted in the fragmentation of a primary beam of 48Ca at 140 MeV/A and 15 pnA1 is 

produced by the Coupled Cyclotron Facility (CCF) on a light 9Be target (also called the 

primary or transmission target). This primary fragmentation led to the production of 

secondary radioactive ion beams (RIB) at -80-105 MeV/A that were purified and 

transported through the A1900 fragment separator followed by an analysis line; the 

secondary beams were purified by electromagnetic separation using dipole magnets and 

physical separation using slits (Section 4.2.2). The analysis line focused the secondary 

beams on a reaction target o f 9Be located at the center o f the Segmented Germanium 

Array (SeGA) where they underwent fragmentation into final neutron-rich isotopes in the 

N -  20, A -  30 region emitted at -75-100 MeV/A. The prompt y-ray emission of the

1 One particle nanoamp (pnA) = 6xl09 particles per second (pps)
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neutron-rich fragments was detected by SeGA in coincidence with the identification of 

the fragments at the focal plane of the S800 spectrograph.

ECRion K500 A1900
source cyclotron fragment

separator

SeGA
arrayK1200

cyclotron S800'
spectrograph

Figure 4.1 Floor plan of the National Superconducting National Laboratory, including the 
Electron-Cyclotron Resonance (ECR) ion source, the Coupled Cyclotron 
Facility (K500 and K1200 cyclotrons), the A1900 fragment separator, the S800 
spectrograph, and the SeGA array [MSU07].

4.2 Equipment

4.2.1 The SC-ECR Ion Source and the Coupled Cyclotron Facility (CCF)

The primary beam of 48Ca was produced by the Coupled Cyclotron Facility (CCF), 

fed by a superconducting electron-cyclotron resonance ion source (SC-ECR). In the SC- 

ECR, an isotopically pure amount o f 48Ca was vaporized and heated by microwaves until 

it achieved the plasma phase where electrons and nuclei are separated from each other. 

An intense magnetic field generated by superconducting coils inside the SC-ECR is 

designed to prevent the nuclei from contact with the walls so that they remain ionized. 

Ions with selected charge states were extracted from the SC-ECR and transported to the 

first cyclotron of the CCF.
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The coupling of the two cyclotrons (K500 and K1200) at the CCF is designed to 

produce primary beams with energies higher than possible with only one accelerator. In 

addition, the cyclotrons at the CCF are built with superconducting magnets, which 

achieve high magnetic fields using compact equipment. The cyclotron (Fig. 4.2), 

invented by E. O. Lawrence in 1931 [Law32], uses -  in its simplest form -  a single static 

magnetic field which causes ions to travel circular paths on a perpendicular plane 

according to the Lorentz force F = qvB, where q is the charge o f the ion, v its velocity, 

and B the intensity of the magnetic field. In addition, a radio-frequency (RF) modulated 

electric field periodically imparts kinetic energy to the ions, accelerating them so that 

they describe orbits with increasingly larger radii. The principle of operation o f the 

cyclotron provides that all ions take the same time to describe a complete circular orbit, 

regardless o f their radii (and hence their kinetic energy), a straightforward consequence 

o f the Lorentz force, and assuming that the mass-to-charge ratio (m/q) o f the particles is 

independent of their velocity. As the particle velocity increases, relativistic effects cause 

the mass o f the particle to increase as its velocity increases, so that the time to describe a 

circular orbit (regardless of its radii) can be kept constant by allowing B to increase as a 

function of the radius [Har74]; additional modifications to the cyclotron design have been 

developed [Har74] to achieve stable operation at relativistic velocities.

From the Lorentz force it also follows that the maximum energy imparted by a

• 2cyclotron to an ion o f charge q and mass number A is E = K q /A, where E is in MeV and 

K a constant characteristic of each cyclotron. The constant K depends on the size and 

magnetic field intensity |B| of the cyclotrons and it takes the values o f 500 and 1200 at 

the Coupled Cyclotron Facility.
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Figure 4.2 Schematic diagram of a cyclotron, adapted from [Nav05J.

The ions generated by the SC-ECR are injected at the center o f the K500 which 

accelerates them to an energy of 10-20 MeV/A (or 15-20% of c). As the ions leave the 

first cyclotron, a stripping foil increases their charge q before injection into the second 

cyclotron. The K1200 is then able to accelerate the higher-charged ions to an energy of 

up to 200 MeV/A, or more than 55% of c.

4.2.2 The A1900 Fragment Separator

The A1900 (Fig. 4.3) [Mor97, Mor03] is an ion-optical device that is used to 

transport, separate and purify secondary-beam components by a sequential in-flight 

electromagnetic separation using four large dipole magnets, which bend the beam by 

approximately 45° each, and provides physical separation using slits and the limited 

momentum acceptance of the device (Ap/p o f 5%, corresponding to an angular
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acceptance AQ. of 8  msr). The dipole magnets deflect ions by different radii p depending 

on their momentum-to-charge ratio according to the expression Bp = p/q, where Bp is the 

magnetic rigidity of a dipole magnet in units of Tesla-meters (T-m), allowing for the 

separation and selection of desired secondary beams. Figure 4.3 includes the positions of 

Images 1, 2 (intermediate image) and 3, as well as of the focal plane (FP) and the 

extended focal plane (XFP). The A1900 also contains eight sets o f quadrupole triplet 

magnets, which help focus the beam throughout the beamline, implementing an 

“achromatic ion-optical mode”, where the dispersion in momentum is maximum at the 

intermediate image (along the horizontal direction, where the momentum can be 

measured), and cancelled at the focal plane.

Two detectors provide the start and stop signals for time-of-flight (TOF) 

measurements in the A1900: a thin plastic scintillator (0.13-mm thick, 350-mm 

horizontal, 60-mm vertical) located at the intermediate image, and a thick plastic 

scintillator at the A1900 focal plane (100-mm thick).

At the intermediate image, two position-sensitive parallel-plate avalanche counters 

(PPACs) measure positions and momenta o f traversing ions. Each PPAC is a proportional 

gas-filled detector consisting of a pair o f parallel plates, with dimensions of 400-mm 

horizontal by 100-mm vertical. At the A1900 focal plane, another pair o f PPACs, with 

dimensions of 1 0 0 x 1 0 0  mm2, is also used for momentum tracking of the secondary 

beams.
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Figure 4.3 Schematic diagram of the A1900 fragment separator, adapted from [MSU07].
The A 1900 contains four dipole magnets and eight sets of quadrupole triplets. The 
figure indicates the location of the production target (TA), images II, 12 and 13, the 
focal plane (FP), and the extended focal plane (XFP). A wedge-shaped energy 
degrader is located at the intermediate image (12).

At the intermediate image there is a wedge-shaped aluminum energy degrader, with 

a thickness of 150 mg/cm2 (E03053) or 300 mg/cm2 (E05112). The “wedge” is used for 

separation o f incoming secondary beams according to their different Z, based on their 

differential energy loss AE through the aluminum material, as explained in Section 4.3. A 

thicker wedge is designed for achieving a higher degree o f separation and therefore a 

higher purity o f the secondary beams.

In the A 1900 focal plane, a silicon PIN detector (0.5-mm thick, 50x50 mm2) located 

between the two PPACs provides a AE signal used in the particle identification o f the 

secondary beams. At the end o f the A 1900 separator (Fig. 4.3) there is an additional 

scintillator detector located at the extended focal plane (XFP); the TOF between the XFP
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scintillator and another scintillator (E l) located at the final S800 focal plane is used for 

particle identification.

4.2.3 The Analysis Line and the S800 Spectrograph 

The Analysis Line

The “analysis line” is the part o f the beamline that is located upstream from the S800 

spectrograph (Fig. 4.4) and is used to measure and characterize the incoming secondary 

radioactive beams and to tune them on the secondary 9Be reaction target.

The analysis line was operated in “focused-mode”, where the secondary beams were 

focused at the 9Be target and dispersed at the final S800 focal plane. In the analysis line 

there are two pairs o f dipole magnets with maximum rigidity o f 5 T-m on both sides of 

the intermediate image. A 0.25-mm thick scintillator detector located at the object 

position (OBJ) (Fig. 4.4) is used for TOF measurements for final fragment identification 

at the S800. At the intermediate image (IM) o f the analysis line there are two tracking 

PPAC detectors which provide position and angle measurements in both the dispersive 

and non-dispersive planes; the IM also contains momentum slits.

The S800 Spectrograph

The S800 spectrograph (Fig. 4.4) [Baz03a] is a high energy-resolution (AE/E of 

1/10,000) and large acceptance (Ap/p of 6 %, corresponding to an angular acceptance AQ 

of 20 msr) device, spanning from the secondary 9Be target to the S800 focal plane (Fig. 

4.5). The solid angle acceptance is an ellipsoid o f 7° in the dispersive plane by 10° in the
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non-dispersive plane. The S800 spectrograph consists o f two dipoles which bend the 

beam by 75° each.

At the focal plane of the S800 (Fig. 4.5) [Yur99] there are two position-sensitive 

cathode readout drift chambers (CRDCs) separated by 1 meter, which measure positions 

and angles in the focal plane and provide particle trajectory information; they have a 

position resolution o f 0.5 mm in both the dispersive and non-dispersive directions. The 

CRDCs are filled with a mixture o f 80% CF4 (Freon 14) and 20% iC ^ io  (isobutane) at a 

pressure o f 50 torr and they cover an area o f 56 cm in the dispersive plane by 26 cm in 

the non-dispersive plane. The CRDCs are followed by a one-meter-thick ionization 

counter (IC) which measures energy loss AE and therefore identifies the Z of the 

fragments. The IC is filled with P10 gas at a pressure of 140 torr. Finally, the focal plane 

contains a stack o f four plastic scintillators of different thicknesses. In our experiments, 

only the first, 5-cm-thick scintillator (E l) was used as the S800 trigger and also as one of 

the signals for time-of-flight (TOF) measurements.

The ionization counter (IC) of the S800 focal plane (FP) measures AE used for 

particle identification. The time-of-flight (TOF) used for the identification of final 

fragments is measured between the first 3-mm-thick scintillator (E l) in the S800 focal 

plane and either the scintillator located at the extended focal plane of the A1900 separator 

(XFP), or the one located at the object o f the S800 spectrograph (OBJ) (Fig. 4.4).
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Figure 4.4 Schematic diagram of the analysis line and the S800 spectrograph, adapted
from [Baz03a]. The figure includes the locations of the object (OBJ), intermediate 
image (IM), target, and focal plane (FP), as well as the dipole and quadrupole 
magnets.
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Figure 4.5 Schematic diagram of the S800 focal plane, adapted from [Yur99].
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4.2.4 The Segmented Germanium Array (SeGA)

The y-ray spectroscopy of fast-moving neutron-rich fragments presents two 

challenges: (1) low y-ray intensities due to the low fragment production rates, which 

requires large solid angles and high energy-resolution detectors, and (2) the need for good 

Doppler correction o f the y-rays due to the relativistic velocities (v/c ~ 0.40) of the y- 

emitting fragments. The Segmented Germanium Array (SeGA) at the NSCL was 

designed to address these two challenges, and it consists of high energy-resolution 

germanium (Ge) detectors, which are segmented to provide accurate determination of the 

position o f first interaction of the y-ray with the detector, allowing for an improved 

Doppler correction capability with respect to non-segmented detectors, and therefore 

increased energy resolution.

SeGA (Fig 4.6) is an array of 32-fold segmented coaxial single-crystal high-purity 

germanium (HPGe) detectors [MueOl]. The Ge crystal for each o f the SeGA detectors 

has a diameter o f 70 mm, and a length of 80 mm. The outer surface o f each o f the 

detectors is electronically divided into 32 segments: eight disks along the longitudinal 

axis, all o f which are also divided into four equal sectors (Fig. 4.7).

The energy resolution (AEy°) o f the Doppler-reconstructed y-ray spectra depends on 

three contributions: (1) the uncertainty in the velocity (A(3) o f the y-emitting moving 

fragments due to their different energy losses while slowing down within the target 

thickness, (2) the uncertainty in the emission angle (A9) o f the y-ray due to both the finite 

opening angle of the detectors and the inherent uncertainty in the emission angle caused 

by the fragmentation reaction, and (3) the intrinsic energy resolution of the y-ray 

detectors (AEmtr) which is on the order of ~2 keV at 1.3 MeV, as indicated in Eq. 4.1:
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Figure 4.6 Picture of the Segmented Germanium Array (SeGA). 

H G F E P C B A
\

J

Figure 4.7 Schematic diagram of a SeGA crystal, adapted from [MueOl]. The cylindrical 
high-purity germanium crystal is electronically segmented into eight disks, labeled 
A-H, and four sections, labeled 1-4, giving a total of 32 segments per detector. Each 
cylindrically-shaped germanium crystal has dimensions of 8 cm (height) x 7 cm 
(diameter).
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The two dominant factors contributing to the energy resolution (AEr°) in Eq. 4.1 are 

the uncertainties in p and 0. In Eq. 4.1, the Ey and AEmtr on the right-hand side are the 

energy and its uncertainty of the y rays referred to the laboratory frame. On the left-hand 

side of Eq. 4.1, the Ey0 and the AEr° are Doppler-reconstructed y-ray energies (i.e., with 

respect to the y-emitting projectile reference frame).

The high degree o f segmentation allows for a reduced effective opening angle o f the 

detectors (A0) and therefore a more precise localization of the photons interacting with 

the SeGA detectors, contributing to an improved energy resolution of the Doppler- 

reconstructed y-ray spectra. The array is designed so that the detectors can be placed at 

variable distances from the central target position, which permits selection of a balance 

between competing high efficiency and high energy resolution. In this work, the detectors 

were located at -25  cm from the target position, and arranged in two rings, at 37° and 90° 

angles (Fig. 4.8).

Energy and Efficiency Calibrations

Each SeGA detector underwent energy calibration o f its central contact and o f all of 

its segments. The central contact was calibrated by using a number o f standard 

radioactive sources (56Co, 60Co, 152Eu, 226Ra). The energy calibration o f each of the 32 

individual segments was performed by applying an automated technique described 

elsewhere [Hu02], and it was done relative to the central contact.
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The absolute efficiency o f an array is the ratio of the number o f full-energy y rays 

detected, vs. the number o f y rays emitted by the source. To determine the absolute 

efficiency o f SeGA we used a 152Eu source of known strength placed at the target 

position o f SeGA. The I52Eu source (labeled Z2707 at MSU) had a reported activity of 

3.131xl05 (±1.4%) Bq on May 1, 1978. Using the 152Eu reported half-life of 13.537(6) 

years [Fir96], we deduced the activity o f the source at the time of the experiment. The 

152E u  y-ray energies and relative intensities (or branching ratios) were taken from [Fir96 

(Vol. II, App. C)], and are summarized in Table 4.1.

The absolute photo-peak efficiency curves of the 37° and 90°-rings separately, and 

for the 2004 and 2006 experiments are given by the solid lines joining the experimental 

points in Figs. 4.9 through 4.12. These figures also include Lorentz-boosted efficiencies 

(dashed lines); an explanation o f the Lorentz-boosted efficiencies is given next. Detailed 

calculations used to obtain the efficiency calibration curves are given in Appendix A.

Table 4.1 Energies and relative intensities of y-ray transitions in 152Eu, used for energy 
and efficiency calibration purposes, adapted from [Fir96].

Ey (keV) ly (%)

121.7817(3) 28.37(13)
244.6975(8) 7.53(4)
344.2785(13) 26.57(11)
411.1165(13) 2.238(10)
444.0 3.125(14)
778.9045(24) 12.97(6)
867.378(4) 4.214(25)
964.1 14.63(6)
1085.836(9) 10.13(5)
1112.074(4) 13.54(6)
1408.011(4) 20.85(9)
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Figure 4.8 Diagram of SeGA indicating the distribution of the detectors in two rings at 37 
and 90 degrees, adapted from [Din05].

Relativistic Corrections to Efficiency Calibrations: Lorentz Boost and Doppler Shift

Photons emitted isotropically by a source moving at relativistic speeds in the 

laboratory are found preferentially in the forward direction in the laboratory reference 

frame. This Lorentz boost factor f, which depends on P and 0, is given by [Ale78]:

direction o f movement o f the fragment and the line connecting the point o f y-ray 

emission with the point o f detection; a schematic diagram of the y-ray detection by a 

SeGA detector is represented in Fig. 4.13. The application of the Lorentz-boost factor 

gives rise to an angle-dependent correction to the source efficiency calibration (dashed 

lines in Figs. 4.9 through 4.12).

(4.2)
(1 -  Pcos0)

where P = v/c is the velocity of the y-emitting fragment, and 0 is the angle between the
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Figure 4.9 Absolute efficiency calibration of the SeGA 37°-ring in the E03053 experiment 
(solid line), and its Lorentz-boosted correction for P = 0.40 (dashed line).
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Figure 4.10 Absolute efficiency calibration of the SeGA 90°-ring in the E03053 experiment 
(solid line), and its Lorentz-boosted correction for p = 0.40 (dashed line).
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11 Absolute efficiency calibration of the SeGA 37°-ring in the E05122 experiment 
(solid line), and its Lorentz-boosted correction for P = 0.40 (dashed line).
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Figure 4.12 Absolute efficiency calibration of the SeGA 90°-ring in the E05122 experiment 
(solid line), and its Lorentz-boosted correction for P = 0.40 (dashed line).
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A y ray emitted from a moving source also undergoes a Doppler shift. The observed 

Doppler-shifted energies are given by [Ale78]:

where Ey(0) is the Doppler-shifted energy measured by the y-ray detectors in the 

laboratory reference frame respect to which the fragments are moving, P = v/c is the 

reduced velocity o f the y-emitting fragments, 0 the angle of y-ray emission with respect to 

the velocity vector v of the fragments, as in Eq. (4.2) above, and Ey° the energy o f the y- 

ray transition connecting two nuclear levels, measured with respect to the reference frame 

attached to the moving y-emitting fragment. Appendices A and C include calculated 

Lorentz-boost and Doppler-shift factors for the experiments in this thesis.

Detector

Beam L

Target

Figure 4.13 Schematic diagram of the interaction of a y ray with a SeGA detector, 
indicating the angle of emission 0 used in the Lorentz-boost and Doppler-shift 
corrections, adapted from [Din05].
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4.3 Charged-Particle Detection and Identification

The nuclei of interest (secondary beams and fragments) are transported through the 

system as fully-ionized particles so that their atomic number Z coincides with their 

charge q. These charged particles interact with detectors located along the experimental 

beamline. The charged-particle detectors are used to measure energy loss (AE) through a 

given detector thickness, and time-of-flight (TOF) between two detectors. These 

measurements are used in combination with Bp = p/q selection achieved by the magnetic 

dipoles along the system to uniquely identify the fragments in terms of their Z and A.

Charged-particle detection is based on the Bethe formula [KnoOO, p. 31] for the 

linear stopping power or rate of energy loss S of charged particles traversing a given 

material, defined as S = - dE/dx. The Bethe formula is expressed as:

where v and Z are the velocity and charge of the moving charged particle, m0 and e the 

electron rest mass and charge, respectively, N the number density o f atoms in the detector 

material, and B a term which depends on the atomic number of the detector material Zd, 

the average excitation and ionization potential o f the detector material I, and the velocity 

o f the moving charged particles v. For the purposes o f charged-particle detection in a 

given detector material, it is sufficient to assume that the specific energy loss of charged 

particles is roughly proportional to Z /v (Eq. 4.4).

dx H10V 2
(4.4)

dx

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Particle Identification with the AE-TOF Method

The particle identification (PID) spectra were generated by representing the AE of 

the fragments that was measured by the ionization chamber (IC) located at the S800 focal 

plane in the vertical axis, vs. the time-of-flight (TOF) of the fragments measured from the 

S800 object scintillator (OBJ) located at the beginning o f the “analysis line”, and the E l 

scintillator (which is also the S800 trigger) located at the S800 focal plane in the 

horizontal axis.

The magnetic rigidity Bp o f the S800 dipoles achieves separation of the fragments 

according to approximately their A/Z ratio, so that a TOF spectrum at the S800 focal 

plane separates fragments according to this ratio. Since the AE measured at the IC is 

approximately proportional to the Z2 of the fragments as given by the Bethe formula (Eq. 

4.4), a AE-TOF spectrum results in the complete separation of regions with unique Z and 

A values. Figure 4.14 is a AE-TOF spectrum of fragments obtained by the secondary 

cocktail beam composed o f 32Mg/33Al/35Si beams in E03053.

4.4 Experimental Determination of Cross Sections

The inclusive cross section (ajnc) for a particular reaction is defined (Eq. 4.5) as the 

ratio between the number of fragments produced (Nf) and the product of the number of 

incident beam particles (Nb) and the atom density per cm of the target (Nt):

N f (particles)
N b (particles) N t (particles/cm )

*10 mb/cm (4.5)
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TOF (a.u.)

Figure 4.14 Particle identification (AE vs. TOF) spectrum. The secondary beams were 32Mg, 
33A1, and 35Si.

Therefore, the ajnc in the expression above has units o f area. The factor 1027 mb/cm2 

in Eq. 4.5 is used so that the final units o f the inclusive cross section ajnc are millibarns (1 

mb = 1 O'27 cm2).

The number of fragments N f  is calculated as:

N .
N f  =

' k n

itk„ effkn effgatK CRDC
(4.6)

To obtain the number of fragments N f  in Eq. 4.6 above we use the total number of a 

given type of fragment detected in the particle identification plot (PID) o f the knockout 

run (Nkn). A knockout run takes place when the S800 spectrograph is set to transport the 

fragments produced by the interaction of secondary beams with the secondary 9Be target 

located at the center o f SeGA. The number Nkn needs to be corrected by dividing it by the
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product o f the live time ltkn (to account for the time lost during electronic data collection), 

the efficiency of the knockout run (effkn), and the efficiency (effgat) that results from 

gating on the secondary beam two-dimensional TOF spectrum; the calculations o f the 

efficiencies will be explained later. Eq. 4.6 includes an additional correction factor K c r d c  

(a number between 0 and 1) due to the limited acceptance o f the S800 spectrograph, 

measured at the first cathode readout drift chamber (CRDC) detector located at the S800 

focal plane. A sample CRDC spectrum is shown in Appendix B. The K c r d c  value for a 

particular fragment is estimated by analyzing the corresponding shape of the CRDC 

Gaussian distribution, in particular by comparing the CRDC shape of a given fragment to 

that o f a fragment with K c r d c  ~ 1> that is, a fragment which was almost fully collected 

within the S800 acceptance.

The expression for the number o f beam particles Nb is:

N = Nunr sca|eCn
 ̂t  uni e f f unr s c a l e s

To obtain the number o f beam particles Nb in Eq. 4.7 above, we use one o f the 

unreacted runs and measure the number o f secondary beam particles in the P1D spectrum. 

An unreacted run is carried out by timing the S800 spectrograph magnetic rigidity, Bp, to 

transport the secondary beams (no secondary 9Be target) and not the fragments. To 

normalize this number to the same time as the knockout run, we multiply it by the ratio of 

“scalers” of knockout vs. unreacted runs (scaler^ and scalerunr). The scalers are numbers 

o f counts registered by the object scintillator (OBJ) placed at the entrance of the analysis 

line o f the S800 spectrograph. The denominator includes the live time (ltunr) and the 

efficiency (effunr).
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The number o f particles in the secondary 9Be target (Eq. 4.8) is calculated as a 

function of the target density pt, Avogadro’s number Na, and the atomic weight of the 

9Be target AWt:

N, (particles/cm2) = P '  ^ > N » ( P ^ e s /m o l)
' AW, (g/mol)

Particle Identification Efficiency

Particle identification (Section 4.3) was achieved through data on AE measured at 

the S800 ionization counter (IC), and the TOF between the object (OBJ) and the El 

scintillator located at the S800 focal plane; it also used particle trajectory information 

obtained by the CRDC detectors at the S800 focal plane, and the PPAC detectors at the 

intermediate image of the analysis line. The efficiency of particle identification o f both 

the knockout and unreacted runs (e f fk n  and e ffun r) is the product of the efficiencies o f the 

timing scintillators involved, the ionization counter (IC), and the CRDCs and PPACs 

used in the reconstruction of the particle trajectories. The IC and the E l detectors are 

assumed 100% efficient for the light fragments of interest; however, the object 

scintillator does contribute to the efficiency losses. To estimate these efficiency losses in 

practice, we used the data-acquisition software SpecTcl [Spe07] to make a selection or 

“gate” o f certain events registered at the ionization counter (IC) located at the S800 focal 

plane. While the IC spectrum contains data points corresponding to all the fragments 

detected at the S800 focal plane, the “gate” is intended to select only those fragments 

corresponding to the inclusive cross section that we are measuring; N ic _ gate is the number 

o f counts in this gate. The data acquisition software allows us to generate two- 

dimensional PID spectra restricted to the events contained in the gate that we previously
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selected in the IC spectrum, and we can measure the number of counts in this “gated” 

PID spectrum, Ngated_pID. The efficiency effkn is then the ratio o f NgatedjW Nic_gate■ This 

efficiency corresponds to the combination of detectors and reconstruction efficiency, 

which includes the object scintillator, CRDC and tracking PPAC detector efficiencies.

There was an additional efficiency correction (effgat) that was needed in the 

experiments employing a secondary cocktail beam because o f the need to separate the 

contributions from different secondary beam components to the production of a given 

final fragment. The two-dimensional spectrum of the secondary beams has, on the 

horizontal axis, the TOF measured from the extended focal plane scintillator (XFP) o f the 

A1900 fragment separator to the E l scintillator at the focal plane o f the S800. The 

vertical axis contains the dispersive angle 0 at the intermediate image of the analysis line. 

This TOF of the secondary beams uses corrections given by the PPAC detectors located 

at the intermediate image of the analysis line. To estimate effgat, we created a “gate” or 

selection of events in the two-dimensional TOF spectrum of the secondary beam particles 

to isolate those events corresponding to a given type of secondary beam; the number of 

counts is Nic gate- We then applied this gate to the two-dimensional PID spectrum of the 

fragments at the S800 focal plane and measured the number o f fragments produced by 

that particular type of secondary beam particles; the number o f counts in this “gated” 

spectrum is N gated_TOF- The efficiency effgat is the ratio N gated_TOF/Nic_gate- The efficiency 

calculations for experiments E03053 and E05122 are included in the cross section tables 

in Appendix B.
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Partial Cross Sections

The partial cross sections are the individual probabilities of populating the ground 

state and each of the different nuclear excited states, where the sum of all the partial cross 

sections is equal to the inclusive cross section for formation of a given fragment. The 

partial cross sections to different excited states and the ground state (Oj) are defined as:

states. The fractional population (bi) of a given state is obtained by balancing the y-ray 

intensities feeding and decaying away from this state; an estimate of the uncertainty in bj 

is derived from the uncertainty in the y-ray intensities (Appendix C) used in its 

calculation. The fractional population o f the ground state is equal to one minus the sum of 

all other fractional populations o f the excited states.

Error Estimates of Cross Sections

The expression used to estimate the uncertainty in the inclusive cross section ainc of 

Eq. 4.5 is:

The largest contributor to the uncertainty, Aajnc/Gjnc, is ANf/Nf, which is dominated 

by AK crdc/K crdc- The term A K crdc/K crdc is typically 0.15 to 0 .25 , but can reach values 

up to 0.45 to 0.5. The term ANt/Nb in Eq. 4 .1 0  contributes with values between 0.05 and 

0.1 , and the ANt/Nt has a small value of 0.01 . Overall, the relative uncertainty Aajnc/oinc is 

typically between 0 .20  and 0.25 , but can reach up to 0.5 , and is therefore dominated by

(4 .9)

where the b fs  are the fractional populations or branching ratios to the ground and excited

(4 .10 )
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the relative uncertainty in the S800 acceptance, A K c r d c / K c r d c -  I n  the calculation o f the 

different terms in Eq. 4.10 it is assumed [Yon06] that the estimates o f numbers of counts 

in the particle identification plots using SpecTcl carry an uncertainty o f 5%. Detailed 

calculations o f uncertainties are included in Appendix B.

4.5 Experimental Details

4.5.1 Properties of Beams and Targets

In both experiments at MSU (E03053 and E05122), the primary beam of 48Ca at 140 

MeV/A and 15 pnA (one particle nanoamp = 6xl09 particles per second) was fragmented 

against a primary or transmission 9Be target. The 9Be target had a thickness of 846 

mg/cm2 in E03053, and 376 mg/cm2 in E05122. The fragmentation of the primary beam 

generated secondary radioactive ion beams (RIB) that were transported through the 

A1900 and the S800 beamlines.

In E03053, two types o f secondary “cocktail” beams (29Na/30Mg/32Al and 

32Mg/33Al/35Si) were produced at energies o f -90-105 MeV/A ((3 -  0.41-0.44); their 

properties are summarized in Tables 4.2 and 4.3. In the E05122 experiment, three types 

o f “nearly pure” secondary beams with an energy range of -80-90 MeV/A (p -  0.39- 

0.41), were sequentially produced and utilized: 31Mg, 32Mg, and 31Na; their properties are 

included in Table 4.4.
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Table 4.2 Properties of the secondary beam components of the cocktail beam
-y-y

( Na/ Mg/ Al) in E03053, including magnetic rigidities of the analysis line and 
the S800 spectrograph, their energies and velocities, and the final fragments 
generated by each secondary beam type. The secondary beams were produced by 
the fragmentation of a 48Ca primary beam at 140 MeV/A and 15 pnA intensity 
incident on a 846 mg/cm2 9Be primary or transmission target located at the entrance 
of the A1900 fragment separator. The secondary 9Be target thickness is 565 mg/cm2.

Secondary
beams

Bp Bp 
(analysis (S800) 
line)

Energy
before
secondary
target

Velocity
before
target

Energy at 
mid-target 
position

Velocity at 
mid-target 
position

Products

(T-m) (T-m) (MeV/A) (v/c) (MeV/A) (v/c)

29Na 3.9142 4 100.9 0.431 93.7 0.418 28Ne

O)
oCO

3.9142 4 111.6 0.450 104 0.437 29,30N a ,26,27,28Ne

CO >M 3.9142 4 114.9 0.456 106.8 0.442 29,30Na, 26,27,28Ne

Table 4.3 Properties of the secondary beam components of the cocktail beam 
(32Mg/33Al/35Si) in E03053, including magnetic rigidities of the analysis line and 
the S800 spectrograph, their energies and velocities, and the final fragments 
generated by each secondary beam type. The secondary beams were produced by 
the fragmentation of a 48Ca primary beam at 140 MeV/A and 15 pnA intensity 
incident on a 846 mg/cm2 9Be primary or transmission target located at the entrance 
of the A1900 fragment separator. The secondary 9Be target thickness is 565 mg/cm2.

Secondary
beams

Bp
(analysis
line)

Bp
(S800)

Energy
before
secondary
target

Velocity
before
target

Energy at 
mid-target 
position

Velocity 
at mid
target 
position

Products

(T-m) (T-m) (MeV/A) (v/c) (MeV/A) (v/c)

32Mg 3.9232 4 99.1 0.428 91.3 0.413 31,32Na, 28,29,30Ne
33ai 3.9232 4 111.6 0.450 104 0.437 32,33Mg, 29,30-31Na, 27,28Ne
35Si 3.9232 4 114.9 0.456 106.8 0.442 32,33Mg, 29,30,31Na, 27,28Ne
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Table 4.4 Properties of the secondary beams used in E05122, including magnetic rigidities 
of the analysis line and the S800 spectrograph, their energies and velocities, and 
the final fragments generated by each secondary beam type. The secondary 
beams were produced by the fragmentation of a 48Ca primary beam at 140 MeV/A 
and 15 pnA intensity incident on a 376 mg/cm2 9Be primary or transmission target 
located at the entrance of the A1900 fragment separator. The secondary 9Be target 
thickness is 376 mg/cm2.

S e c o n d a r y
beams

Bp
(analysis
line)

Bp
(S800)

Energy
before
secondary
target

Velocity
before
target

Energy at 
mid-target 
position

Velocity at 
mid-target 
position

Products

(T-m) (T-m) (MeV/A) (v/c) (MeV/A) (v/c)

31Mg 3.668 3.6185 92.7 0.416 87.1 0.405 29,30,31 H a  26,27,28N e

32Mg 3.6673 3.4957 87.2 0.405 81.5 0.393 30,31 Na, 27,28Ne
32Mg 3.6673 3.7201 87.2 0.405 81.5 0.393 31'32Na, 28,29,30N e

32Mg 3.6673 3.8 87.2 0.405 81.5 0.393 31,32Na, 28,29,30Ne
31Na 4.033 3.6371 94 0.418 89.3 0.409 30Na

4.5.2 Experimental Determination of the Target Position

In both MSU experiments, a method was developed to accurately verify the position 

of the secondary 9Be target (z0) with respect to the center of SeGA, where a positive 

(negative) value o f z0 corresponds to the target being located downstream (upstream) 

from the center of SeGA. The procedure to determine the correct target z0 value is to use 

the y-ray spectra o f a fragment with accurately known peak energies. We used 26Ne 

which has a y-ray transition at 2018.2(1) keV, measured in the p-decay o f 26F [Ree99].

The data acquisition software SpecTcl [Spe07] was used to generate and analyze the 

37°- and 90°-ring y-ray spectra for varying values of the parameters z (position of the
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target) and (3 (velocity of the fragment), chosen to give the correct, known, y-ray energy 

a t -2018 keV.

Table 4.5 shows pairs of (P,z) values for which the 26Ne peak is located at -2018 

keV, both for the 37°- and the 90°-rings, in experiments E03053 and E05122. The 

experimental points were fitted to straight lines separately for the 37°- and the 90°-rings, 

and the correct position o f the target z0 is given by the intersection o f these two lines 

(Figs. 4.15 and 4.16), at z0,2oo4 = -0.49(14) cm in E03053, and zo,2006 = -1.66(20) cm in 

E05122.

Table 4.5 Pairs of (p,z) values used to determine the correct position of the target (z0) in 
E03053 and E05122 experiments.

E 03053  experim ent E 05122 experim ent

37°-ring 90°-ring 37°-ring 90°-ring

p z  (cm ) z  (cm ) P z  (cm ) z  (cm )

0 .42 -2 0 .5 5 0 .4  -2 .3 -1 .4

0 .44 -0 .8 -0 .2 0 .4 2  -1 -1 .9

0 .45 -0 .4 -0 .6 0 .4 4  0 .35 -2 .5 5
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1
♦ 37-degree ring 
o 90-degree ring

Z90, 2004 — 38.214(3 + 16.604 
R2 = 0.9997

0

E>-1

■2 Z3 7 ,2004 -  54.286(3 - 24.771 
R2 = 0.9918

■3
0.4 0.42 0.44 0.46

26Ne fragment velocity, p

Figure 4.15 Determination of the target position, z0, in E03053. The data points are pairs of 
(P,z) values corresponding to the ~2018-keV y-ray transition in 26Ne, in the 37°- and 
90°-ring spectra. The intersection of the two lines gives the target position, zo 2oo4 -  - 
0.49(14) cm.

E

N

+J
0
O)
CO

M—
o
c
o
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o

Q.

1
4  37-degree ring 
o  90-degree ring

Z37, 2006 — 66.25(3 - 28.808 
R2 = 0.9999 Jk

0

1

Z9 0 ,2006 —28.75(3 + 10.125 
•v. R2 = 0.99442

3
0.38 0.40 

26
0.42 0.44 0.46

Ne fragment velocity, p

Figure 4.16 Determination of the target position, z0, in E05122. The data points are pairs of 
(p,z) values corresponding to the ~2018-keV y-ray transition in 26Ne, in the 37°- and 
90°-ring spectra. The intersection of the two lines gives the target position, z0>2oo6 = - 
1.66(20) cm.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5.3 Experimental Determination of the Velocity (P) of Fragments

The data acquisition software SpecTcl [Spe07] was used to generate and analyze 

Doppler-corrected y-ray spectra o f different fragments as a function o f velocity P for the 

z0 position determined above (Section 4.5.2). The experimentally determined P is that 

value for which y-ray peaks in the 37°-ring spectrum are located at the same energy 

values as those in the 90°-ring spectrum. An example o f the experimental determination 

o f p for 28Ne produced by one-proton knockout o f 29Na in E03053 is shown in Fig. 4.17.

140;; 

110- ■P = 0.44

200

P = 0.43

120 200

P = 0.42

6 0 ::

120 160 20040 80

Figure 4.17 Determination of the fragment velocity. This figure shows the 37°-(red) and 90°- 
ring (blue) y-ray spectra of the 28Ne fragment produced by one-proton knockout of 
29Na secondary beam in E03053. The experimental spectra show that the P value of 
the emitted 28Ne fragment is 0.42, for which the 37°- and 90°-ring spectra overlap 
with each other.
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4.5.4 Experimental Determination of the Intensity and Energies of y-Ray 

Transitions

The intensity of a y-ray peak is the ratio of the background-subtracted area divided 

by the Lorentz-boosted efficiency o f the SeGA array. Since the Lorentz-boosted

efficiencies are different for the 37°- and 90°-rings, it is necessary to obtain two separate

measurements of y-ray peak intensities, I37 and I90, using each o f the separate efficiency 

curves:

_  N 37 _ N 37

7 ~~ _ f
e 37 37  ^ a b s _ 3 7  f 4  1 T )

N NT _  9 0  _  90
1 9 0  —  —  n

S 90 9 0 ^ a b s _ 9 0

where N 37 and N90 are the numbers o f background-subtracted areas in the 37°- and 90°- 

ring spectra, £37 and f9o the Lorentz-boost factors, and £37 and £90, the Lorentz-boosted 

efficiencies. The intensity o f a y-ray peak is calculated as the average o f the two 

independent measurements: I37 and I90, assuming that y-ray emission is approximately 

isotropic in the rest frame.

In using the Lorentz-boosted efficiency curves, it is necessary to use the efficiency 

for the Doppler-shifted y-ray energy, that is, for the EY(0) values in Eq. 4.3. So, for 

example, in 30Ne the value of Ey° (the Doppler-reconstructed energy provided by the data 

acquisition software) for its most intense y-ray peak was 791.6 keV. Its Doppler-shifted 

energies (assuming p = 0.40) are Eylab(37°) = 1113.57 keV, and Erlab(90°) = 757.84 keV. 

These are the energy values used to obtain the corresponding Lorentz-boosted 

efficiencies £ 3 7  and £9 0 . The energy and y-ray intensity measurements, as well as their 

errors, are included in Appendix C.
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The y-ray energies are experimentally determined by fitting the peak shapes to 

Gaussians using the gO program [Rad07]; this program provides the statistical errors o f 

the peak energies. The systematic errors in the peak energies originate from two 

contributions: the uncertainty in the target position (Az0), and the uncertainty in the 

velocity P o f the y-emitting fragments (Ap), which is used in the Doppler reconstruction 

of the y-ray spectra.
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Chapter 5 

Results

Neutron-rich fragments in the region o f N ~ 20 and A ~ 30 were produced by few- 

nucleon knockout o f secondary “cocktail” beams (29Na/30Mg/32Al and 32Mg/33Al/35Si) in 

experiment E03053, and from three separate secondary beams (31Mg, 32Mg and 3INa) in 

E05122.

The experimental results are divided into four sections corresponding to four 

different knockout reaction mechanisms that were used to produce and study neutron-rich 

28'30Ne isotopes. For each reaction we present y-ray spectroscopy data on the energies and 

intensities of y-ray transitions in the final product and the proposed level scheme of 

excited states populated in the given product. Also for each reaction we present data on 

its inclusive cross section, as well as on partial cross sections to the ground state and to 

excited states, derived from y-ray data. In the Discussion (Chapter 6), we will compare 

data with shell-model calculations using USD-A and SDPF-M interactions and the cross 

section measurements with predictions from knockout reaction theory.

Tables 5.1 through 5.3 list the Ne and N a fragments obtained from different 

secondary beams and include measured fragment velocities (p) and measured production 

cross sections, both experimentally determined using the methods described in Chapter 4. 

Details o f the analysis performed to obtain these cross sections are given in Appendix B 

and include cross sections to other fragments such as Mg, F, and N.
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Table 5.1

Table 5.2

Neutron-rich Ne and Na produced in experiment E03053 (29Na/30Mg/32Al 
secondary beams). The table includes secondary beam energies at the mid-target 
position (center of SeGA).

Secondary beam Fragment Fragment (3 c?jnc (mb)

29Na
94 MeV/A

28Ne 0.42 14(7)

26Ne 0.44 0.28(6)

27Ne 0.44 0.7(2)
Mg 28N * 0.43 0.8(21

104 MeV/A
Na 0.43 2.6(6)

30Na 0.43 0.8(2)

26Ne 0.44 0.30(7)

32 a I 27Ne 0.44 0.27(6)
Al

28Ne 0.43 0.31(71
107M eV /A

Na 0.43 1.3(3)

30Na 0.43 1.4(3)

Neutron-rich Ne and Na produced in experiment E03053 (32Mg/33Al/35Si 
secondary beams). The table includes secondary beam energies at the mid-target 
position (center of SeGA).

Secondary beam Fragment Fragment (3 a inc (mb)

28Ne 0.43 0.5(3)

32Mg 29Ne 0.40 0.26(6)
91 MeV/A 30Ne 0.40 0.25(5)

31 Na 0.43 1.2(6)

27Ne 0.43 0.08(3)

33a i
28Ne 0.43 0.14(3)
29Na 0.44 0.12(61

104 MeV/A ’
Na 0.44 0.34(8)

31 Na 0.43 0.46(9)

27Ne 0.43 0.05(2)

350 ; 28Ne 0.43 0.05(1)
Si 29Na 0.44 0.11(61

107 MeV/A ’
Na 0.44 0.14(3)

31 Na 0.43 0.14(3)
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Table 5.3 Neutron-rich Ne and Na fragments produced in experiment E05122. The table 
includes secondary beam energies at the mid-target position (center of SeGA). The 
three different 32Mg secondary beam experiments correspond to S800 settings of: (a) 
Bp = 3.4957 T-m, (b) Bp = 3.7201 T-m, and (c) Bp = 3.8 T-m.

Secondary beam Fragment Fragment p °inc (mb)

26Ne 0.41 2.6(9)

31 Mg
87 MeV/A

27Ne 0.40 1.4(2)

28Ne 0.395 0.6(1)

30Na 0.40 14(2)

31Na 0.40 0.9(2)

27Ne 0.39 0.9(2)

32Mg(a) 28Ne 0.38 1.0(2)
82 MeV/A 30Na 0.385 6(1)

31 Na 0.39 4.4(8)

32Mg(b)
82 MeV/A

28 Ne 0.40 2.1(8)
29Ne 0.39 0.27(5)
30Ne 0.39 0.21(6)
31 Na 0.39 14(5)
32Na 0.39 0.48(9)

Mg(c)
82 MeV/A

28Ne 0.40 0.2(1)
29Ne 0.39 0.21(4)
30Ne 0.39 0.21(4)
31 Na 0.40 0.4(2)
32Na 0.39 0.2(1)

5.1 One-Proton Knockout: 9Be(29Na,28Ne)

Figure 5.1 shows the Doppler-corrected ((3 = 0.42) prompt y-ray spectrum of 28Ne 

produced by one-proton knockout from 29Na with an inclusive cross section: ajnc 

(9Be(29Na,28Ne)) = 14(7) mb, for an average 29Na energy of 94 MeV/A. The y-ray 

statistics were sufficient to obtain y-y coincidence data (Figs. 5.2 and 5.3), which allowed 

the identification of three y-ray transitions at 1306(4), 1707(7), and 891(5) keV, forming 

a cascade with relative intensities o f 100, 23(3), and 10(2)%, respectively (Fig. 5.4). The
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uncertainties in the energies include statistical and systematic uncertainties, as described 

in Chapter 4. The resulting experimental level scheme o f 28Ne shown in Fig. 5.4(a) is 

compared with the most recently published experimental scheme [Bel05] in Fig. 5.4(b). 

The tentative spin assignments were made based on y-ray intensity considerations and 

comparison with shell-model calculations, as will be discussed in Chapter 6.

1306(4)
keV

350

Counts 
/(10 keV) ..

1127(4)
keV

891(5)
keV

150

1707(7)
keV

200 300100

Energy (10 keV/channel)

Figure 5.1 Doppler-corrected y-ray spectrum of 28Ne produced by one-proton knockout of 
29Na. The p of 28Ne is 0.42.
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(a) (b)

Sn= 3890(140) keV ( V )  3905

891 keV
(V) x  + 1127

(V) 3013

1127 keV

(la”) X
1707 keV

2 i+ 1306

1306 keV

29Na -> 28Ne (exper.)

100 200

Energy (10 keV/channel)
3 0 0

Figure 5.2 (a) Total projection of Doppler-corrected (P = 0.42) y-y coincidences, and (b) 
proposed level scheme of excited states in 28Ne produced by one-proton 
knockout of 29Na. In Fig. 5.2(b), the thickness of the arrows is roughly proportional 
to the corresponding y-ray transition intensity.
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Figure 5.3 Gated Doppler-corrected spectra of 28Ne produced by one-proton knockout of 
29Na. The arrows denote the gate energies.
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(a)
(4

(V ) x +  1127
(4

1127(4) keV 
21(3) %

( C ) . X

(b)
(4,+) 3905

891(5) keV 
10(2)  %

3013

1707(7) keV 
23(3) %

1306

1306(4) keV 
100%

0

3000

2229
45(10) %

936(28) keV
35(10) %

2+ -

1707(15) keV

1293(8) keV 
100(10) %

0

29Na 28Ne 28Ne

Figure 5.4 Comparison of (a) experimental level scheme of 28Ne produced by one-proton 
knockout of 29Na, and (b) recent literature data [Bel05] obtained by one- and 
two-step fragmentation of a 36S primary beam and 29,30Mg secondary beams. In
our experimental data (a), the 891-keV y ray was found to be in coincidence with 
both the 1707-keV and 1306-keV transitions. The thickness of the arrows is roughly 
proportional to the corresponding y-ray transition intensity.

The 1306(4)-keV transition (feeding the 0i+ ground state) is reported in the 

Evaluated Nuclear Structure Data File [ENS07] with a half-life o f 2.6 ps and no 

confirmed spin/parity assignment. The 28Ne 0i+ ground state is listed with a half-life of 

19(3) ms. The neutron separation energy of 28Ne is given as 3890(140) keV [ENS07].

A 1320(20)-keV transition was first experimentally measured in Coulomb excitation 

[Pri99], and soon after in fragmentation [BelOO, Aza02a, Aza02b, Gui02]; based on
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intensity considerations in these experiments the 1320(20)-keV level was assigned a spin 

and parity value of 2i+. The latter authors also identified an additional y-ray at 1750(50) 

keV which was assigned to the 4j+ -> 2i+ transition based on intensity considerations; 

statistics were not sufficient to allow the analysis of y-y coincidence data.

A more recent experiment [Bel05] involving one- and two-step fragmentation with a 

77.5 MeV/A 36S primary beam and ~60 MeV/A neutron-rich Na and Mg secondary 

beams reported three y-ray transitions in 28Ne at 1293(8), 1707(15), and 936(28) keV; 

these energy values are in reasonable agreement with the experimental data in our work. 

In addition, y-y coincidences [Bel05] were used to show that the 1707-keV and 936-keV 

transitions are in coincidence with the 1293-keV (corresponding to the 2i+ -> 0+i(gs.)). 

The limited statistics o f this experiment [Bel05] only allowed the authors to postulate the 

936-keV transition to feed the 2i+ level in parallel with the 1707-keV y ray. Our y-y 

coincidence data, however, allow us to unequivocally determine that the 891-keV y-ray 

(which is assumed to correspond to the 936-keV y ray in [Bel05]) is in coincidence with 

the 1707-keV and located above it, forming a single cascade (Fig. 5.4(a)). This is an 

important difference, as Belleguic et al. [Bel05] postulated the 936-keV transition to 

connect the 02+ to the 2\+ state. Our data rules out the scenario which gives an excited 02+ 

state at -2 .2  MeV as predicted by the sdpf-shell calculation (Chapter 6). The 

consequences of our result will be discussed in Chapter 6.

The two lowest transitions in this cascade (Fig. 5.4(a)) have also been recently 

observed in proton inelastic scattering in inverse kinematics using a liquid hydrogen 

target at RIKEN [Dom06a, Dom06b], and the reported energies at 1319(22) and 1711(30) 

keV are in agreement with previous and current data.
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In our experiment, the Ne spectrum contains one additional (and new) strong y-ray 

transition at 1127(4) keV with a relative intensity of 21(3)%, which is not in coincidence 

with any other transition. It is very unlikely that the 1127-keV y ray directly feeds the 

ground state and it is placed “floating” to the left of the main cascade in Figs. 5.2 and 5.4. 

It is possible that it feeds an isomeric state, as will be discussed in Chapter 6.

Table 5.4 summarizes the level energies, y-ray transition energies and intensities,

Q 7 Q  "78fractional populations o f states, and cross section data for the Be( Na, Ne) one-proton 

knockout reaction.

Table 5.4 Level energies, y-ray transition energies and intensities, fractional populations 
of states, and cross section data for 9Be(29Na,28Ne).

Level I" Level energy, 
Ei

Energy of 
y-ray decay, 
Ey

Relative y-ray Fractional population Partial cross 
intensity, of level i, section of level i, 

ly bi CTi

(keV) (keV) (%) (mb)

0 / 0 0.15(3)* 2(1)*

2 / 1306(4) 1306(4) 100 0.55(7) 8(4)

(V) 3013(8) 1707(7) 23(3) 0.09(2) 1.2(7)

(42+) 3905(9) 891(5) 10(2) 0.07(2) 1.0(5)

k" x + 1127(4) 1127(4) 21(3) 0.15(2) 2(1)

Total 1 14(7)

CTmc (9Be('29Na,28Ne)) = 14(7) mb

*These numbers include any direct feeding of the la” state.
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5.2 Two-Proton Knockout: 9Be(30Mg,28Ne)

Figure 5.5(a) shows the Doppler-corrected (P = 0.43) prompt y-ray spectrum of Ne 

produced by two-proton knockout from 30Mg (104 MeV/A), with an inclusive cross 

section: 0inc (9Be(30Mg,28Ne)) = 0.8(2) mb. A value Oinc (9Be(30Mg,28Ne)) = 0.49(5) mb 

was reported in [Baz03b] for a Mg beam energy of 88.5 MeV/A. The resulting 

experimental level scheme is given in Fig. 5.5(b).

Table 5.5 summarizes the level energies, y-ray transition energies and intensities, 

fractional populations of excited states, and cross section data for the Be( Mg, Ne)

28  r *two-proton knockout reaction. The level scheme of Ne produced from two-proton 

knockout is identical to the one formed in the one-proton knockout mechanism, already 

described in Section 5.1. While the y-ray energies are consistent (within experimental 

errors) with those obtained in the one-proton knockout reaction, the transition intensities 

do show some differences, reflecting the different production mechanisms and the initial 

beam. Overall, the two-proton knockout and the one-proton knockout reactions lead to 

similar y-ray spectra for 28Ne.
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(a)
Counts/

( b )  (10 keV)
Sn= 3890(140) keV (V) 3903

1304(5)
keV

895(4)
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keV

(V) x + 1117
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Figure 5.5 (a) Doppler-corrected y-ray spectrum of 28Ne produced by 30Mg (two-proton 
knockout) and 32Al, and (b) proposed level scheme of excited states. The (3 of
28Ne is 0.43. In Fig. 5.5(b), the thickness of the arrows is roughly proportional to the 
corresponding y-ray transition intensity.
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Table 5.S Level energies, y-ray transition energies and intensities, fractional populations 
of states, and cross section data for 9Be(30Mg,28Ne).

Level i* Level energy, 
E,

(keV)

Energy of 
y-ray decay, 
Ey

(keV)

Relative y-ray 
intensity,

h
(%)

Fractional population Partial cross 
of level i, section of level i, 
bi a,

(mb)

o r 0 0.5(3)* 0.4(2)*

2 i+ 1304(5) 1304(5) 100 0.19(4) 0.16(4)

( 4 / ) 3008(9) 1704(8) 55(10) 0.14(4) 0.11(4)

(42+) 3903(10) 895(4) 23(6) 0.09(3) 0.08(3)

C x +  1117(7) 1117(7) 13(6) 0.05(3) 0.05(2)

Total 1 0.8(2)

a inc (9Be(30Mg,28Ne)) = 0.8(2) mb

* These numbers include any direct feeding o f the la71 state.

5.3 Two-Proton Knockout: 9Be(32Mg,30Ne)

30Ne was produced by two-proton knockout from 32Mg (-80-90 MeV/A) in two 

experiments. Experiment E03053 provided one measurement at 0.25(5) mb, while in 

E05122 we measured two values at 0.21(6) and 0.21(4) mb. The average of the three 

measurements gives an inclusive cross section: aj„c (9Be(32Mg,30Ne)) = 0.22(3) mb.

The Evaluated Nuclear Structure Data File [ENS07] provides the half-life o f the 30Ne 

0i+ ground state as 7(2) ms, and the neutron separation energy Sn to be 3030(630) keV. 

ENSDF lists only one excited state at 791(26) keV in 30Ne. This y-ray transition was 

observed in a proton inelastic scattering experiment [Yan03, Yan04], which was 

performed in inverse kinematics with a liquid hydrogen target and a beam of radioactive 

30Ne at 48 MeV/A. The observed y ray at 791(26) keV was assigned to the 2i+ -> 0i+(g s.)
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transition, since the 2i+ state is expected to be strongly populated in even-even nuclei in 

this region, and its population is also favored in inelastic scattering processes.

In our experiments, the y-ray spectrum of 30Ne produced by two-proton knockout 

from 32Mg is shown in Fig. 5.6(a). This is the sum of spectra obtained in the E03053 and 

E05122 experiments. The Doppler-corrected y-ray spectra of 30Ne produced by 32Mg 

corresponded to values o f (3 = 0.40 (E03053) and (3 = 0.39 (EOS 122). The strongest y-ray 

transition (Fig. 5.6(a)) was observed at an energy o f 792(4) keV. This energy is 

consistent with the previously measured 791(26)-keV y-ray [Yan03, Yan04], which was 

associated to the 2\+ -> 0i+ transition. Our measurement provides an important 

confirmation of the location of the 2i+ state. The high statistics achieved by the 

combination of data from both experiments allowed us to identify a second peak at 

1443(11) keV, which we postulate to represent the 4i+ to 2i+ transition based on its 

relative intensity o f 39(12)% and on the comparison between experimental and calculated 

partial cross sections to the ground state and excited states, as discussed in Chapter 6. The 

proposed level scheme is presented in Fig. 5.6(b).

Table 5.6 contains the level energies, y-ray transition energies and intensities, 

fractional populations o f states, and cross section data for the 9Be(32Mg,30Ne) two-proton 

knockout reaction. The detailed cross section calculations are included in Appendix B.
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Figure 5.6 (a) Doppler-corrected y-ray spectrum of 30Ne produced by two-proton knockout 
of 32Mg, and (b) proposed level scheme of excited states. The spectrum in Fig. 
5.6(a) is the result of one measurement in E03053 (p = 0.40) and two measurements 
in E05122 (P = 0.39). In Fig. 5.6(b), the thickness of the arrows is roughly 
proportional to the corresponding y-ray transition intensity.

Table 5.6 Level energies, y-ray transition energies and intensities, and partial and 
inclusive cross section data of 9Be(32Mg,30Ne).

l_eve| j* Level energy, Energy of Relative y-ray Fractional population Partial cross
E* y-ray decay, intensity, of level i, section of level i,

Ey ^ bi CTi

(keV) (keV) (%) (mb)

0 / 0 0.58(10) 0.13(5)

( 2 D 792(4) 792(4) 100 0.26(8) 0.06(3)

( 4 D 2235(12) 1443(11) 39(12) 0.16(4) 0.04(2)

Total 1 0.22(3)

a lnc (9Be(32Mg,30Ne)) = 0.22(3) mb
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5.4 Few-Nucleon Knockout: 9Be(32Mg,29Ne)

29Ne was produced by two-proton plus one-neutron (2pn) knockout from a 32Mg 

secondary beam (-80-90 MeV/A). In addition to direct 2pn knockout, the reaction to 

populate 29Ne may include a component of two-proton knockout followed by neutron 

evaporation. We obtained three separate measurements, one from E03053 with a cross 

section o f 0.26(6) mb, and two from E05122, with cross sections of 0.27(5) and 0.21(4) 

mb. The average o f the three measurements gives an inclusive cross section: 

ainc(9Be(32Mg,29Ne)) = 0.25(3) mb. The detailed cross section calculations appear in 

Appendix B. The sum of the three y-ray spectra is displayed in Fig. 5.7(a); the proposed 

level scheme in Fig. 5.7(b). The errors in the y-ray energies result from a combination of 

statistical and systematic, added in quadrature, as explained in Chapter 4.

The ENSDF database [ENS07] provides only a tentative spin/parity assignment for 

the ground state o f 29Ne (3/2+) and a half-life of 15.6(5) ms; no y-ray transitions are 

reported. The neutron separation energy in 29Ne is given as 1330(320) keV.

The strongest y-ray transition observed in the spectrum of Fig. 5.7(a) has an energy 

of 622(4) keY and is a more accurate determination of a recently published transition at 

680(80) keV, which was measured with an array of Nal(Tl) scintillator detectors in a 

two-step fragmentation experiment [Bel05]. By comparison with shell-model 

calculations, we assign this y ray to either the 7/2+ -> 3/2+(g.s.) or the l/2+ -> 3/2+(g.s.) 

transitions, as will be discussed in Chapter 6. A more thorough comparison with shell- 

model calculations is included in Chapter 6, where the experimental level scheme will be 

compared with shell-model calculations using USD and SDPF-M interactions.
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Figure 5.7 (a) Doppler-corrected y-ray spectrum of 29Ne produced by two-proton plus one- 
neutron knockout of 32Mg, and (b) proposed level scheme of excited states. The
spectrum in Fig. 5.7(a) is the result of one measurement in E03053 ((3=0.40) and two 
measurements in E05122 ((3=0.39). In Fig. 5.7(b), the thickness of the arrows is 
roughly proportional to the corresponding y-ray transition intensity.

The next transition in order of decreasing relative intensity is that at 931(8) keV, 

with a relative intensity of 38(11)%, which is postulated to connect the (7/2+,5/2‘) -> 

3/2+(g.s.) levels. Given the low neutron separation energy of 1330(320) keV it is highly 

unlikely that the 931(8)-keV transition is placed above the 622(4)-keV, so they are placed 

in parallel in the level scheme (Fig. 5.7(b)), both feeding the ground state.
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A third transition is observed at 232(6) keV with a relative intensity of 37(14)%, and 

it is tentatively placed connecting the (3/2', l/2+) -> 3/2+(g.s.) levels.

Earlier publications [Yan03, Yan04] on inelastic scattering o f 30Ne suggest two 

candidate y rays in 29Ne (obtained by one-neutron removal from 30Ne), at energies o f 450 

and 580 keV; however, we do not observe any o f these two transitions in our experiment.

• * 29Belleguic et al. [Bel05] also do not observe these two candidate transitions in Ne in 

their experimental data.

Table 5.7 summarizes the level energies, y-ray transition energies and intensities, as 

well as the inclusive cross section for the 9Be(32Mg,29Ne) knockout reaction.

Table 5.7 Level energies, y-ray transition energies and intensities, and inclusive cross 
section of 9Be(32Mg,29Ne).

Level I* Level energy, Energy of Relative y-ray
Ei y-ray decay, intensity,

Ey ly
(keV) (keV) (%)

(3/2+) 0
(7/2+, 1/2+) 622(4) 622(4) 100
(7/2\ 5/2') 931(8) 931(8) 38(11)
(3/2', 1/2+) 232(6) 232(6) 37(14)

ainc(9Be(32Mg,29Ne)) = 0.25(3) mb
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Chapter 6 

Discussion

The study of the y-ray spectroscopy o f neutron-rich 28'30Ne is aimed at investigating 

structure changes in the neon isotopes while approaching the island of inversion. Here we 

compare our data presented in Chapter 5 to level energies, transition rates, and production 

cross sections obtained from shell-model and reaction-model codes described in Chapters 

2 and 3.

6.1 28Ne

MCSM calculations using the SDPF-M interaction predict the N = 18 29Na and 28Ne 

isotones to have -50%  OpOh (“zero particle, zero hole”) and -50%  2p2h (“two particle - 

two hole”) admixtures in their ground states and, in that sense, they are calculated to 

define the transition to the island of inversion. Data on 29Na [Tri05] show a higher 

density of excited states compared with a USD-A [Bro07a] shell-model calculation, 

which assumes a pure sd-shell configuration, and support the interpretation o f a sizable 

2p2h ground-state component. Does 28Ne also display evidence for a reduced N = 20 

shell gap?

The drop in the energy o f the lowest 2+-spin state, E(2i+), from -2000 keV in 26Ne to 

-1300 keV in 28Ne has been suggested [Pri99, BelOO] as evidence for a significant 2p2h 

intruder admixture when approaching N = 20. A similar phenomenon has been observed
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in the neutron-rich Mg isotopes, where the E(2i+) drops from -1500 keV in 28Mg and 

30Mg [ENS07] to E(2)+) = 885.7 keV in the N = 20 32Mg [Mot95, Aza02a]. In addition, 

the relatively large B(E2; 0i+ -> 2i+) = 269(136) e2fm4 in 28Ne obtained from an early 

Coulex measurement [Pri99] is in agreement with the predicted 270 e2fm4 given by 

SDPF-M calculations [Uts07], and also supports the idea o f a reduced N = 20 shell gap 

with large intruder admixtures in the Ne ground state. However, recent measurements 

[Iwa05, Dom06a, Dom06b] gave a smaller value of B(E2; 0i+->2i+) = 132(23) e2fm4 and

98suggested that the proton and neutron matter distributions in Ne are far smaller than

expected for an island o f inversion nucleus and more consistent with a predominantly

OpOh configuration (so-called large shell gap interpretation). The fact that both E(2j+) and

B(E2; 0i+ -> 2i+) values are low has been interpreted as a sign of “suppressed

collectivity” [Iwa05], characteristic of a nucleus lying at the border of the island of

inversion. An interpretation is offered [Iwa05] where the 0i+ ground state is mainly

spherical while the 2i+ state is deformed, and the small overlap in their wave functions

would be responsible for the low B(E2) value. According to calculations by [Rod03], the

ground state o f 28Ne is slightly deformed, signaling a transition to the island of inversion,

and shape coexistence is possible. It was also found that by adopting smaller effective

28charges [Dom06a, Dom06b], SDPF-M calculations can also reproduce the Ne transition 

probabilities, leading to a situation where the 28Ne data can be interpreted within both sd 

and sd-pf model spaces, depending on the choice of effective charges.

98 •While it appears the transition matrix elements in Ne may be interpreted in either a 

large shell-gap (USD-A) or reduced shell-gap (SDPF-M) scenario, a reduced N = 20 gap 

will naturally lead to low-lying intruder states, specifically an excited 02+, absent in the
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large N = 20 shell gap assumption (USD). In addition, differences in the intruder contents 

given in OXBASH (USD) and MCSM (SDPF-M) calculations will result in different 

population o f 28Ne states in the knockout reactions.

6.1.1 28Ne Spectrum of Excited States and y-Ray Decays

9 RFigure 6.1 shows the experimental level scheme of Ne together with those 

predicted by shell-model calculations using the USD-A interaction (sd-shell orbitals) 

[Bro07a] and the SDPF-M interaction (which allows cross-shell mixing between sd and

90p f shells) [Uts07]. Since both the one-proton knockout ( N a-lp) and two-proton 

knockout (30Mg-2p) reactions led to the same spectrum of excited states in 28Ne, for 

simplicity we show only (Fig. 6.1) the spectrum corresponding to the 29N a-lp  reaction.

The SDPF-M calculation predicts a second (>2+ state at -2 .2  MeV with a 50-50% 

mixture of 0p0h-2p2h configurations (Fig. 6.1) and its observation would provide 

important confirmation o f the validity of these SDPF-M calculations and a measure o f the 

N = 20 gap. The y-y coincidence data show a cascade o f three consecutive rays at 891, 

1707, and 1306-keV (Figs. 5.2 and 5.3) and rule out the interpretation [Bel05] that the 

~900-keV y ray directly feeds the 2i+, thereby removing the existing evidence for an 

intruder 02+ state at the low excitation energy of -2229 keV (Fig. 5.4).

From the deduced level scheme, the cascade o f y rays: 891, 1707, and 1306 keV, 

suggests a minimum of three excited states in 28Ne, which could in principle correspond 

to either a predominantly OpOh (USD-A calculation) or 50% 2p2h intruder configuration 

(MSCM calculation) for 28Ne.
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Figure 6.1 Comparison of the experimental level scheme of 28Ne produced by one-proton 
knockout of 29Na and level schemes predicted by MCSM using the SDPF-M 
interaction [Uts07] and by OXBASH using the USD-A interaction [Bro07a].
Each level is labeled with its energy in keV (on the right) and its spin/parity 
assignment (on the left). The spin/parity value is in parenthesis when tentative. For 
the SDPF-M predictions the numbers in brackets indicate the %2p2h composition of 
that level (the remainder being %0p0h). Each y-ray transition is labeled with its 
energy in keV and its transition intensity (%). The thickness of the arrows is roughly 
proportional to the corresponding y-ray transition intensity. The figure includes also 
the location of the neutron separation energy given by [ENS07],
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The shell-model calculation using the USD-A interaction [Bro07a] predicts three 

levels below the neutron separation energy (Fig. 6.1). The experimental level scheme 

differs from the USD-A prediction fundamentally in the location of the 2i+ state: -1300 

keV in the experiment compared to -1600 keV in USD-A. Within a OpOh (USD-A) 

interpretation the 891-1707-1306 keV y rays would correspond to the 22+ -> 4i+ -> 2i+ -> 

0i+ decay sequence. However, because the 22+ 2\+ Ml-transition branch is calculated

to carry -100%  of the 22+ decay rate [Bro07b], then the 891-keV y ray cannot be 

associated with the 22+ 4i+ transition and USD-A is not consistent with the

experimental observation of the cascade. In addition, the observation o f an isolated 1127- 

keV y ray (Fig. 6.1) implies the existence o f two additional states below -3 .9  MeV (the 

neutron separation energy). The existence o f these additional states is outside the 

predictions using the USD-A model space and favors the MCSM calculation with its 

higher density of states due to the reduced N = 20 shell gap. Finally, the experimental 

finding o f the 2i+ at -1306 keV is more consistent with the MCSM prediction o f 1420 

keV rather than the 1623-keV calculated using USD-A.

The only experimental excited level in 28Ne with confident assignments o f spin and 

parity is the -1306-keV 2\+ state, measured before in Coulomb excitation [Pri99]. 

Plausible spin/parity assignments for the 3013- and 3905-keV levels (Fig. 6.1) can be 

proposed by comparing the experimental level scheme with the energies and transition 

strengths predicted by MCSM. MCSM predicts the following M l transitions to dominate 

the decays of the 22+, 42+, and 2^+ states: the 22+ -> 2i+, 42+ -> 4i+, and 22+ -> 2i+ have 

calculated M1/E2 branching ratios o f -99 , 97, and 97%, respectively (Table 6.1).
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Table 6.1 B(E2|) and B(M lj) transition strengths and Ey(keV) y-ray energies in 28Ne,
calculated by MCSM using the SDPF-M interaction [Uts07]. The table also 
includes derived transition probabilities Tf^s'1) and partial lifetimes xfl(ps), i.e., the 
lifetimes associated to the decay through a particular transition from a given initial 
state i to a final state f. When a state decays through more than one branch, 
branching ratios are also included. The shaded areas correspond to the transitions 
predicted to be observable experimentally, according to their calculated partial 
lifetimes and branching ratios (the latter when applicable).

T ransition
AU: T,+ - I r+

B(E2f) or
Ey (keV) Tfi(s1) xfi(ps) BR|,(%)

E2; ; 2 / - > 0 -  + 53.6 1420 3.8E+11 3

E2|; O2' —> 2 / 52 760 1.6E+10 62

E2i; V  ~> 2 / 74.44 1480 6.5E+11 1.5

E 2 i;2 2+~> 4 / 11 100 1.3E+05 7.4E+06 0.00%
E2|; 22+ --> 02+ 39.2 820 1.8E+10 56 0.05%
E2J,; 22+ --> 2 / 20 1580 2.4E+11 4 0.64%
M 1i:2 2h--> 2 ,' 0.54 1580 3.7E+13 0.03 99.09%
E21; 2?1 —> 0,' 0.28 3000 8.3E+10 12 0.22%

E2|; 4 /  - >  22+ 31.67 1120 6.8E+10 15 0.09%

E2f; 42+ - >  4 / 1.3 1220 4.3E+09 232 0.01%

M 1|;4 2’ ~ > 4 ,t 1220 8.0E+13 99.67% ■
E2-; 42 —> 2 ,+ 1.11 2700 2.0E+11 5 0.24%

E2J.; 23+ —> 42+ 18 170 3.1E+06 3.2E+05 0.00%
E 2 l:  23+ - >  22+ 5.5 1290 2.4E+10 42 0.02%
M 1|;2 3+ - >  22+ 0.004 1290 1.5E+11 7 0.10%
E 2 |;2 3+ —> 4 ,+ 0.2 1390 1.3E+09 786 0.00%
E2J,; 23+ - >  02+ 0.82 2110 4.2E+10 24 0.03%
E2f; 23+ ~> 2 i + 14 2870 3.3E+12 0.3 2.24%
M 1|:2 3h- > 2 f 0.35 2870 1 5E+14 0 007 97.42%
E 2!;23' - >  0 / 0.16 4290 2.9E+11 4 0.19%
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Comparing the experimental level energies with those predicted by MCSM, the 

3013-keV level is likely to be either the 4\+ or the l-i and the 3905-keV level can be 

either the 4-i or the 2-^. The only possible way of having the observed three y-ray 

cascade fit within the MCSM predictions is the case where the 3013-keV level 

corresponds to the 4i+ and the 3905-keV to the both spin assignments are tentatively 

assigned within parentheses in Fig. 6.1. In particular it can be ruled out that the 3013-keV 

level corresponds to the 2-i state because there are no levels above that would feed it by 

the 891-keV y ray.

The isolated and relatively strong y-ray transition at an energy of 1127 keV is shown 

in Fig. 6.1 connecting levels labeled lb" la”, where the level Ia” is located at an energy x 

(keV) above the ground state. The 1127-keV transition is not in coincidence with the 

other main transitions (Figs. 5.2 and 5.3) and its nature remains a puzzle. We now 

consider the possibility that the 1127-keV transition connects the 2-i -> 02+ states (and 

that a y-ray decay of the 02+ state is isomeric or energetically unfavored). The C>2+ and the 

22+ states are predicted by MCSM and are not accounted for by the three y-ray cascade.

The 22+ level has three possible decay branches: 22+ C>2+, 22+ 0i+, and 22+

2i+, as shown in Fig. 6.2. For the 1127-keV y ray to correspond to the 22+ 02+ transition

and for this assumption to be consistent with the observed data, then the other possible 

decay modes must be far weaker. MCSM calculations with the SDPF-M interaction 

[Uts07] provide B(E2) and B(M1) values (Table 6.1) that can be used to derive a range of 

possible values of x (excitation energy of the (>2+ state) compatible with the assumption 

that the 1127-keV transition corresponds to the 22+ 02+ decay.
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(V) 3013

x +  1127
1306

x+1127
B(E2l)=0.28

29Na -» 28Ne

Figure 6.2 Experimental y-ray transitions in 28Ne (produced by 29Na) and calculated 
(SDPF-M) values of B(E2) and B(M1) transition strengths.

For the calculated values B(M1; l-i -> 2i+) = 0.54 pn2, B(E2; 22 -> 02+) = 39.2 

e2ftn4, and B(E2; 22+ 0i+) = 0.28 e2fm4, the 22+ cannot lie -1500 keV above the 2\

state, as given in the MCSM calculation (Fig. 6.1), because in that case the 22+ 2\+ M l

decay would dominate the assumed 1127-keV 22+ 02+ transition so that the 1127-keV y

ray would not be observed. The 1127-keV y ray cannot correspond to the 22+ 2\+ decay

since this would require a coincidence with the 1306-keV 2 1+ 0i+ transition, which is

not observed. Figure 6.3 gives the branching ratio of the M l transition, 22+ 2i+, which

is the probability (%) of decay of the 22+ state through the M l transition with respect to
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the total probability o f decay of the 2i via any of the three decay modes. The M l 

branching ratio is plotted as a function of the energy (z, keV) of the M l y-ray transition, 

for the calculated B(M1) = 0.54 pN2 and also for the case where the B(M1) was 10 times 

weaker, B(M1) = 0.054 pn2. The state can be above (z > 0) or below (z < 0) the 2i+ 

state. Using the conservative assumptions that: (a) an M l transition would be observed 

when its branching ratio was above 50%, and (b) the B(M1) value was 0.054 pn , i.e., ten 

times weaker than its prediction by SDPF-M, it is possible to set an upper limit to the M l 

y-ray energy o f approximately z = 500 keV (Fig. 6.3). In other words, the 2-i state cannot 

lie more than -500 keV above the 2\ state and therefore x (keV) -  z + 200, the excitation 

energy of the 02+ state, would need to be a maximum of -700 keV and not -2 .2  MeV as 

predicted by the MCSM calculations.

% M1 branch /  total

SO'

B(M1) = 0.054 pN2

40 k

2 0 -

z, keV

Figure 6.3 Calculated branching ratio (%) of Ml decay from (22+) 2 \  vs. the M l y-ray
transition energy z in 28Ne, assuming either B(M1) is 0.54 pN2 calculated using 
SDPF-M [Uts07] or B(M1) is ten times weaker, i.e., B(M1) is 0.054 pN2.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



We conclude that the 1127-keV y ray cannot correspond to the 2-i -> 02+ transition 

and at the same time be consistent with the MCSM calculation, which predicts a 2.2-MeV 

02+ state with 50% 2p2h intruder content.

I | 2^
The fact that MCSM calculations predict the 0i and O2 states in Ne to have 

similar configurations implies that they would have similar cross sections for direct 

population in the lp  and 2p knockout reactions; we can use this to provide an additional 

constraint to the location of the 02+ state. The 28Ne 0i+ ground state has a direct

Q A
production cross section o f ~0.4 mb in the Mg-2p reaction; assuming a similar cross 

section for the 02+ state would give -400 counts in a 02+ 2i+ y-ray peak. The B(E0; 02+

-> 0i+) transition is estimated to be far weaker than the B(E2; 02+ 2i+) and the E0

decay branch can be neglected. MCSM calculations give a transition rate B(E2; 02+ 

2i+) = 52 e2fin4 (Table 6.1) and the predicted 760-keV 02+ 2i+ transition would then

have a half-life o f -60  ps, which could be observed in our measurement. On the other 

hand, a 400-keV y-ray would then have a half-life o f -1  ns (placing its decay far from the 

target and significantly altering the Doppler reconstruction) and would not be observed in 

this measurement. This analysis sets an upper limit of E(x) < 1700 keV for the energy of 

the 02+ state, if  it were directly populated in the 30Mg-2p reaction.

Finally, the 1127-keV could not feed the 0i+ ground state directly because in that 

case it should have been observed in a 28Ne Coulomb excitation experiment [Pri99].
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To summarize, while the location o f the 02+ state in 28Ne remains undetermined, the 

properties o f observed excited states favor an interpretation based on the MCSM 

calculation with its higher density of states due to a reduced N = 20 shell gap. I f  the C>2+ 

state is lower than predicted by MCSM by a few hundred keV it could potentially be 

isomeric, and a 02+ -> 2\+ transition would remain undetected in our experiment, were the 

02+ to be directly populated. The 1127-keV transition (and the levels it connects) remains 

a puzzle that cannot be explained within the MCSM calculation given in Fig. 6.1 without 

significant changes to the location of the 22+ and O2 states beyond those expected from 

shell-model uncertainties.

6.1.2 9Be(29Na,28Ne) One-Proton Knockout

Table 6.2 and Figs. 6.4 and 6.5 compare the experimental and theoretical cross

oo q 90_ 9R
sections for the direct population of states in Ne in the Be( Na, Ne) one-proton 

knockout reaction. While direct knockout reaction cross section measurements are 

sensitive to the final state wave functions and could discriminate between a OpOh or 2p2h 

configuration, two aspects o f the present measurements make such an analysis difficult. 

First, the 28Ne fragments from the 29N a-lp  reaction were not centered on the S800 focal 

plane leading to a large uncertainty in the S800 acceptance and hence large errors in the

90measured cross sections. Second, only calculated N a-lp cross sections using 

spectroscopic factors derived from USD wave functions are available and therefore it was 

not possible to directly compare the cross section data with MCSM wave functions. 

Nevertheless some comparison is possible and summarized as follows:
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Table 6.2 Comparison of experimental and theoretical fractional populations and partial 
cross sections of ground and excited states in 28Ne produced in the one-proton 
knockout reaction 9Be(29Na,28Ne). The theoretical energy levels used in the 
reaction theory were given by a shell-model calculation using the USD-A interaction 
[Bro07a],

Experiment Theory

Level f Level energy, Fractional 
E| population 

of level i, 
bj

Partial cross 
section,
Oi

Level I* Level 
energy, 
Ei

Fractional 
population 
of level i, 
bj

Partial cross 
section,
Oi

(keV) (mb) (keV) (mb)

0 / 0 0.15(3)* 2(1)* 0 / 0 0.01 0.31

2 / 1306(4) 0.55(7) 8(4) 2 / 1623 0.688 21.46

( V ) 3013(8) 0.09(2) 1.2(7) 4 / 2990 0.234 7.32

(42+) 3905(9) 0.07(2) 1.0(5) 22+ 3511 0.07 2.12

I \ x + 1127(4) 0.15(2) 2(1)

Total 1 14(7) 1 31.22

a incexp(9Be(29Na,
a inctheo(9Be(29Na,

28Ne)) = 
28Ne)) =

14(7) mb 
31.22 mb

* These numbers include any direct feeding of the la71 state.
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o(22+) = 2.12 mb 
(7%)

c(4,+) = 7.32 mb 
(23%)
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(42+) 3905,

(4 ,+)

8 9 1 (5 )  k e V  
10(2)%  

3013

o(4,+ )=  1.2(7) mb 
(9%)

1 7 0 7 (7 )  k e V  
2 3 ( 3 ) %

1306

o(0,+) = 0.31 mb 
( 1%)

28Ne (Theory) 

Total a(29Na 28Ne) = 31.22 mb

I  1 3 0 6 (4 )
I 100%

V t  0 /

o(2,+) = 8(4) mb 
(55%)

o(0,+) = 2(1) mb 
(15%)

28Ne (Experiment) 

Total a(29Na 28Ne) = 14(7) mb

Figure 6.4 Comparison of experimental and theoretical fractional populations and partial 
cross sections of ground and excited states in 28Ne produced in the one-proton 
knockout reaction 9Be(29Na,28Ne).
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Figure 6.5 Comparison of experimental and theoretical fractional population of ground 
and excited states in 28Ne produced in the one-proton knockout reaction
9Be(29Na,28Ne).
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■ The inclusive cross section for the 9Be(29Na,28Ne) reaction was measured to

be 14(7) mb compared to the theoretical value o f 31.22 mb. The

experimental-to-theoretical reduction factor Rs = 0.5(3) is consistent with the 

reduction factor for single-nucleon knockout, Rs = 0.7, observed in similar 

measurements [Bro02, Han03, Gad04b]. However, as noted, the -50%  error 

means it is not possible to rule out a difference in the neutron intruder 

contents between 29Na and 28Ne as predicted by MCSM calculations, which 

would likely manifest themselves as a Rs < 0.7 if  only USD wave functions 

are used.

■ The fraction of direct population to the 0i+, 2i+, and 4i+ states calculated

using USD wave functions is shown in Fig. 6.5, where the 2i+ state receives

the majority o f feeding and direct population of the 0i+ is negligible. The 

experimental and theoretical data are in qualitative agreement (under the 

assumption that the experimental 1707-keV transition is the 4i+ -> 2i+ 

decay); the 2i+ state is the one predominantly populated in the experiment 

with a fractional population o f 0.55(7) compared to 0.69 in the calculation. 

The experimental value for the fractional population o f the 4\+ state, b(4i+) = 

0.088, is -1/3 o f the calculated value and is closer to the value calculated for 

the 22+ state. However, these differences between calculated and measured 

partial cross sections for the 4i+ (and 0i+) may reflect the fact that the a(calc.) 

values were derived using USD wave functions and in the absence o f SDPF- 

M wave functions it is not possible to reliably compare o(exp.) with a(calc.) 

to extract structure information in the 29N a-lp reaction.

117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.1.3 9Be(30Mg,28Ne) Two-Proton Knockout

Q TO "7RThe experimental and calculated Be( Mg, Ne) two-proton knockout cross sections 

are compared in Table 6.3 and Figs. 6.6 and 6.7. The measured 30Mg-2p inclusive cross 

section for a 30Mg beam energy o f -104  MeV/A is 0.8(2) mb. This measurement is 

consistent with recently published data [Baz03b] on the 2p knockout of a -88.5 MeV/A

•2 A

Mg beam where the cross section was measured to be 0.49(5) mb.

Table 6.3 Comparison of experimental and theoretical fractional populations and partial 
cross section of ground and excited states in 28Ne produced in the two-proton 
knockout reaction 9Be(30Mg,28Ne).

Experiment Theory

Level f Level energy, Fractional 
E, population 

of level i, 
bi

(keV)

Partial cross 
section,
C>i

(mb)

Level f  Level 
energy, 
E;

(keV)

Fractional 
population 
of level i,
bi

Partial cross 
section,

(mb)

0 / 0 0.5(3)* 0.4(2)* 0 / 0 0.36 1.107

2 / 1304(5) 0.19(4) 0.16(4) 2 / 1785 0.13 0.399

(4 /) 3008(9) 0.14(4) 0.11(4) 4 / 3300 0.37 1.144

(42+) 3903(10) 0.09(3) 0.08(3) 2 / 3678 0.14 0.434

Tb x + 1117(7) 0.05(3) 0.05(2)

Total 1 0.8(2) 1 3.084

Summed
2+ 0.27 0.833
(theory)

O i
6 x p / 9 p j  /3 0 m *  t

n c  ( Be( Mq, !8Ne)) = 0.8(2) mb
t h e o  / 9 n  / 3 0 » ■

c i n e  ( Be( Mg, 28Ne)) =• 3.084 mb

* These numbers include any direct feeding of the la* state.
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Figure 6.6 Comparison of experimental and theoretical fractional populations and partial 
cross sections of ground and excited states in 28Ne produced in the two-proton 
knockout reaction 9Be(30Mg,28Ne).
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Figure 6.7 Comparison of experimental and theoretical fractional population of ground 
and excited states in 28Ne produced in the two-proton knockout reaction 
9Be(30Mg,28Ne).
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The calculated inclusive 30Mg-2p cross section is 3.084 mb. The comparison o f the 

experimental and the model inclusive cross sections results in a reduction factor Rs = 

0.27(6). Reduction factors for two-proton knockout of moderately neutron-rich nuclei 

have been found to be on the order o f -0 .5  [Tos06b, Yon06]. The calculated 30Mg two- 

proton knockout cross section used USD wave functions. The USD wave functions are 

very likely to be realistic regarding the modeling of the protons, which are assumed to be 

removed from the lds/2 orbital. However, using USD wave functions for the neutrons is 

not likely to be a good assumption, as a fraction o f the neutrons in Ne is expected to be

98located in some of the pf-shell levels (consistent with the discussion on the Ne level 

scheme). Under the assumption that (a) the 30Mg ground state is -100%  OpOh and (b) the

98  TOneutrons behave as passive spectators, then the reduced c(exp) says that Ne and Mg 

have differing neutron configurations beyond USD. The additional 50% reduction in Rs

TO 98in Mg -> Ne compared to other 2p knockout reactions can be interpreted as a measure

98of the 2p2h content in the Ne ground state. This suggests a 50% 2p2h intruder content 

in 28Ne.

Regarding the fractional populations o f the ground state and the different excited 

states, both experimental data and the model (assuming the existence of two-proton 

correlations) agree reasonably well on the fractional population o f the ground state, with 

an experimental value o f 0.5(3), consistent with a theoretical prediction of 0.36. The 

experimental fractional population of the 2i+ state is 0.19(4), compared to a theoretical 

value of 0.13. The experimental fractional population of the 4 i+ state is 0.14(4), 

compared to a theoretical value o f 0.37. These fractional populations are included in 

Table 6.3 and Figs. 6.6 and 6.7. The enhanced population of the 0i+ ground state is due to
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two-nucleon correlations. Cross sections calculated without correlations are also shown 

in Fig. 6.7 for comparison.

6.2 30Ne

Given that N = 20 is a magic number within the conventional shell model, the even- 

even 32Mg and 30Ne N = 20 isotones should display a large E(2j+) energy and low B(E2; 

0i+ -> 2i+). However, in 32Mg the E(2i+) has been measured to have a low value of 885.7 

keY [Mot95, Aza02a], and in 30Ne, the E(2i+) value is seen to have an even smaller 

energy value of -791 keV [Yan03]. These data have been used to infer that there is an 

enhancement of deformation as the neutron excess increases in the N = 20 isotones, and 

that 30Ne belongs to the island of inversion. This energy value (791 keV) is the lowest 

among the 2\ energies o f even-even N=20 isotones, suggesting a large deformation.

Regarding transition strengths, the B(E2; 0j+ 2i+) in 32Mg has been measured to

be large and equal to 454(78) e2fm4 [Mot95]; from this quantity a large quadrupole 

deformation parameter p -  0.5 has been deduced [Mot95]. The transition strength B(E2; 

0j+ -> 2i+) in 30Ne has been measured to be large with a value o f 460(270) e2fm4 

[Yan03], which compares well with the SDPF-M prediction o f 348 e2fm4 [Uts07].

Earlier theoretical work [Rod03] concluded that the ground state o f 30Ne is slightly 

deformed and that shape coexistence is possible. According to [Rod03], the ground state 

o f the N = 20 nucleus 30Ne is not as deformed as that of its 32Mg isotone; their 2\ 

deformations are however predicted to be almost identical.

Even though there is already experimental data on the E(2i+) and B(E2; 0i+ -> 2i+) of 

30Ne, which suggest a large intruder content of the 0i+ and 2i+ states, there are still no
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data on additional states which would provide valuable information on the structure and 

degree of collectivity o f 30Ne. Also, the energy o f the 2i+ published so far [Yan03] was 

obtained in a proton inelastic scattering experiment with relatively low statistics and 

therefore large uncertainty: E(2i+) = 791(26) keV [Yan03].

6.2.1 30Ne Spectrum of Excited States and y-Ray Decays

The experimental level energies are compared to calculations in Fig. 6.8. Both 

MCSM (SDPF-M interaction) and OXBASH shell-model calculations with two neutrons 

in the pf-shell (a pure or 100% 2p2h configuration for the ground state and all excited 

states, in Fig. 6.8) show good agreement with the data.

The observation of the transition at 792(4) keV connecting the (2i+) to the 0i+ state is 

an important confirmation of a previously reported value which was observed in a proton 

inelastic scattering experiment [Yan03]. It is interesting to note that this energy value 

(~792-keV) is the lowest of all the 2i+ energy levels in neighboring even-even N = 20 

isotones and is evidence for a collective state based on a deformed 2p2h ground state. 

Shell model calculations using the USD-A interaction greatly overestimate the 

experimental value o f the (2j+) energy.

The data provide the first observation o f a second y-ray transition with an energy of 

1443(11) keV and a relative intensity o f 39(12)%.
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Figure 6.8 Comparison of the experimental level scheme of 30Ne produced by two-proton 
knockout of 32Mg and level schemes predicted by: OXBASH using 100% 2p2h 
configuration for all states [Bro07b], MCSM using the SDPF-M interaction 
[Uts07], and OXBASH using the USD-A interaction [Bro07a]. Each level is 
labeled with its energy in keV (on the right) and its spin/parity assignment (on the 
left). The spin/parity value is in parenthesis when tentative. For the SDPF-M 
predictions the numbers in brackets indicate the %2p2h composition of that level 
(the remainder being %4p4h). Each y-ray transition is labeled with its energy in keV 
and its transition intensity (%). The thickness of the arrows is roughly proportional 
to the corresponding y-ray transition intensity. The figure includes also the location 
of the neutron separation energy given by [ENS07],
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While there is good evidence to assign the 792-keV y ray to the 2i+ -> 0i+ decay, the 

1443-keV line could be from the 4i+ -> 2i+ but could in principle also be from the decay 

of either the 2-i or the (h+ states with calculated energies around 2.5-3.0 MeV (Fig. 6.8) 

and it is not possible to assign a spin from energies alone. However, the properties of 

direct two-proton knockout from the lds/2 level can be used to constrain the data and 

assign spins as discussed in Section 6.2.2; based on the observed partial cross sections the 

2235-keV state is assigned a spin 4i+.

Overall, the experimental 30Ne spectrum is consistent with the SDPF-M model and 

100%-2p2h calculations.

Table 6.4 includes transition rates obtained from calculated B(E2) and B(M1) values 

and energies; the calculations were performed with MCSM using the SDPF-M interaction 

[Uts07]. The reduced transition probability B(E2; 0i+ -> 2i+) has been measured to be 

460(270) e2fm4 [Yan03, Yan04], consistent with the calculated B(E2; 0i+ -> 2i+) estimate 

o f 348 e2fm4 using the MCSM model (which is listed as B(E2; 2\ 0i+) = 69.6 e2fm4 in

Table 6.4 [Uts07]), and is not consistent with the B(E2; 0i+ -> 2j+) value o f 129 e2fm4 

obtained with a model including only the sd shell [Bro07b],
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Table 6.4 B(E2j) and B(M1|) transition strengths and Er(keV) y-ray energies in 30Ne, 
calculated by MCSM using the SDPF-M interaction [Uts07]. The table also 
includes derived transition probabilities Tfi(s_1) and partial lifetimes xfi(ps), i.e., the 
lifetimes associated to the decay through a particular transition from a given initial 
level i. When a state decays through more than one branch, branching ratios are also 
derived. The shaded areas correspond to the transitions predicted to be observable 
experimentally, according to their calculated partial lifetimes and branching ratios 
(the latter when applicable).

Transition 

ALj; f  —»Tf

B(E2f) (e2fm4} 

or B(M1 | )(|Jn2) EY (keV) Tfi(s1) ifi(ps) BRfi(%)

E2j; 2 1+ - - > 0 - + 69.6 1000 8.5E+10 12

E 2 i ; 4 , + ~ > 2 * 91.7 1520 9.1E+11 1.1

E 2V: 02+ —> 2 * 8.1 1710 1.5E+11 7

E2j; 22+ - >  02+ 32.2 510 1.4E+09 734 0.05%

E2j; 2 2+ - >  4 / 0 700 0 0.00%

E 2 ;. 2 + ■ 2 * l — l 2 2 2 0 1.9E+12 ■Hi 70.63%

M l.:  2 *  —> 2.* 0 004 2 2 2 0 7.7E+11 IMHM 29.3  IT

E 2 ;; 22+ —> 0 + 0 3220 0 0.00%

E2l: 62* - > 4 1* 73 1500 6.8E+11 1.5

6.2.2 9Be(32Mg,30Ne) Two-Proton Knockout

We can use the properties of direct two-proton (2p) knockout from the lds/2 level to 

constrain the data and assign spins. According to the two-proton knockout theory, the 

relative populations of states will be different because the 2p spatial overlaps are different 

for I = 0, 2, or 4 coupling [Tos06a].
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Table 6.5 and Figs. 6.9 and 6.10 show the relative population o f the 30Ne ground and 

excited states in the 2p knockout reaction. The ground state is directly populated -58%  of 

the time, the 792-keV has about 26% direct population, and the 1443-keV y ray (2235- 

keV level energy) has about 16%.

Table 6.5 Comparison of experimental and theoretical fractional populations and partial 
cross sections of ground and excited states in 30Ne produced in the two-proton 
knockout reaction 9Be(32Mg,30Ne).

Experiment Theory

Level f Level energy, Fractional 
E, population 

of level i,

Partial cross 
section,
Oi

Level r Level
energy,
E,

Fractional 
population 
of level i,

Partial cross 
section,

(keV) (mb) (keV) (mb)

0/ 0 0.58(10) 0.13(5) o f 0 0.572 0.626

(2 f) 792(4) 0.26(8) 0.06(3) 2/ 757 0.043 0.047

(4 f) 2235(12) 0.16(4) 0.04(2) 4 f 2558 0.286 0.313

2f 2596 0.099 0.108

Total
Summed
2+
(theory)

1 0.22(3) 1

0.142

1.094

0.155

o incexp(9Be(32Mg,30Ne)) = 0.22(3) mb 

aincthe°(9Be(32Mg,30Ne)) = 1.094 mb
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Figure 6.9 Comparison of experimental and theoretical fractional populations and partial 
cross sections of ground and excited states in 30Ne produced in the two-proton 
knockout reaction 9Be(32Mg,30Ne).
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Figure 6.10 Comparison of experimental and theoretical fractional populations of ground
and excited states in Ne produced in the two-proton knockout reaction
9Be(32Mg,30Ne).
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A comparison with theory for 2p knockout from the (I5/2 orbital indicates that we 

should expect about a 60:40 split between ground state and excited state population, in 

agreement with observations. The relative enhancement o f the 0+ and the suppression o f 

the 2+ is a general feature of two-nucleon correlations (e.g., pairing) and was seen in 

other data sets (e.g., in the 30Mg two-proton knockout described in Section 6.1.3). 

Moreover, the calculations predict a greater probability to knock out two protons coupled 

to I = 4 than 1 = 2; i.e., the summed 1 = 2 direct population is calculated to be -15%  while 

the 4+ is -30% .

Therefore, given the expectation for a significant population o f the 4i+ state, and 

given the statistics in Fig. 5.6 we expect to observe a 4j+ -> 2i+ transition in our data. The 

measured relative cross sections (y-ray intensities) are consistent with the interpretation 

that the 1443-keV line corresponds to the decay o f the 4]+. If, on the other hand, the 

1443-keV y ray was from the decay of the 22+ then the total 1 = 2 direct population would 

be -40% , with no appreciable direct 4i+ population. This is not expected from the two- 

proton knockout theory. Furthermore, although sd-pf calculations predict a second I = 0+ 

state at 3 MeV, this 02+ state is mainly OpOh and one should expect little cross-section for

32direct two-proton knockout from a 2p2h intruder-dominated Mg ground state.

In summary, the combination of experimental and theoretical y-ray energies and 

intensities and cross section data support the interpretation that we have observed the 

decays from the 4i+ -> 2i+ and the 2i+ -> 0i+, which constitute a good case to fix the 

location of the deformed 4\+ state. This is the first experimental observation of an excited 

4i+ state for a nucleus in the “island o f inversion”.
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The experimental fractional populations in 28Ne and 30Ne produced in both 30Mg and 

32Mg 2p knockout reactions do not agree well with a model which assumes that there are 

no correlations between the protons; this model predicts that the populations of the 0i+, 

2i+, and 4i+ states are 0.22, 0.28, and 0.50. Both the experiment and the model with 

correlations agree instead on an enhanced population of the 0i+ ground state.

The inclusive cross section of the 9Be(32Mg,30Ne) two-proton knockout reaction was 

measured to be 0.22(3) mb, while that predicted by the model [Tos07] (excluding the 

partial cross section to the 22 state) is 0.986 mb. The comparison o f the experimental and 

the model inclusive cross sections results in a reduction factor Rs = 0.23(3). This

O TO 98reduction factor is similar to the one observed in the Be( Mg, Ne) in this work.

In recent literature on two-proton knockout [Tos06b, Yon06] it was reported that, 

while the measured relative partial cross sections agree with theory, the measured 

inclusive cross section is consistently lower than predicted by theory. Fig. 6.11 depicts 

the “reduction factor” (ratio of the experimental to the calculated inclusive cross section) 

for a number of two-nucleon knockout reactions that were recently investigated. Previous 

two-nucleon knockout data yielded an Rs factor of ~0.5 between experiment and theory; 

our data yield an additional reduction factor of ~2, so that Rs ~ 0.25. The origin o f this 

difference is o f interest. If we consider the Rs -0 .5  value seen in other measurements to 

be an overall “normalization”, then the extra reduction seen in our data could be used to 

provide information on the 32Mg and 30Ne wave functions. The observed additional 

reduction factor can be postulated to be due to differences in the neutron intruder 

configurations.
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Figure 6.11 Experimental-to-theoretical cross section ratios (or reduction factors Rs = oexp/ 
c*eor) observed in a number of two-nucleon knockout experiments. The values 
for two-nucleon knockout from 28Mg, 26Si, 30S, 34Ar and 54Ti are taken from 
[Tos07].

The shell-model wave functions used to calculate the two nucleon amplitudes (for 

input to the reaction code used to model the 32Mg -> 30Ne 2p knockout reaction) were 

derived using full 2p2h configurations with two holes in the sd-shell and two particles in 

the pf-shell [Bro07b],

MCSM calculations predict different neutron configurations for 32Mg and 30Ne; 30Ne 

has more 4p4h component and has larger occupancy o f the p3/2-orbital in the pf-shell 

compared with 32Mg. In particular, in [UtsOl, Fig. 3], MCSM calculations list 

approximate proportions o f OpOh, 2p2h, and 4p4h configurations for the ground states of 

32Mg and 30Ne to be: ~5%-85%-10% and ~5%-70%-25%, respectively. The ratios of
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occupancies o f orbital fm  with respect to P3/2 [Uts99] in 32Mg and 30Ne are 6:1 and 3:1, 

respectively. This means that 30Ne has a larger fraction o f neutrons promoted to the 

higher-energy P3/2 state, consistent with the fact that 30Ne has a greater component of 

intruder configurations (larger percentage of 4p4h configuration) than Mg.

The proton overlap for the 32Mg-30Ne pair is expected to be well described by USD 

wave functions (neutrons are spectators) and consequently the reduced cross section 

compared with the 2p2h theory is likely due to differences in neutron configurations. A 

simple estimate, assuming that 32Mg is -100%  2p2h, suggests that 30Ne would have 

-50%  2p2h, -50%  4p4h intruder content.

6.3 29Ne

The spin/parity of the 29Ne ground state has been tentatively assigned to be 3/2+ 

[ENS07], and its intruder configuration predicted to be -100%  2p2h by SDPF-M [Uts07]. 

Only one y ray in 29Ne has been reported in the literature, at an energy of 680(80) keV 

[Bel05].

T1Recent experimental data on the N = 19 Mg isotope provide some evidence for a 

large intruder configuration in the ground-state of N = 19 isotones. In particular, the 

magnetic dipole moment o f the 31Mg ground state was measured [Ney05] and shown to 

be consistent with predictions o f an sdpf shell-model code which assigns a - 1 0 0 % 2 p2 h 

intruder configuration to the ground state o f 31 Mg.

Experimental data on the energy levels in N = 19 29Ne will provide additional 

information on the extent of intruder configuration at N = 19.
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6.3.129Ne Spectrum of Excited States and y-Ray Decays

Figure 6.12 shows the experimental decay scheme of 29Ne along with SDPF-M and 

USD-A shell-model predictions. The three experimental y-ray transitions are those at 

622(4), 931(8) and 232(6) keV. SDPF-M calculations [Uts07] assign a -100%  2p2h 

ground state to 29Ne, and it can be considered to be a neutron (K = 1/2) hole in a 

deformed 30Ne core according to the Nilsson model.

The existence o f these low-lying excited states is not compatible with the USD-A 

calculations, which predict the first excited state to be located at a high energy o f 1700 

keV. The low-lying transitions can be instead explained within the framework o f the 

SDPF-M calculations which involve 2p2h and lp lh  excitations, and assume a reduced N 

= 20 shell gap.

Comparing the measured 622-keV y-ray transition with SDPF-M predictions, we 

postulate it to connect the 7/2+ level (predicted at 850 keV) to the 3/2+(g.s ). The 622-keV 

y-ray transition could also correspond to the decay from l/2+ to 3/2+(g.s.), where the l/2+ 

level is predicted by the SDPF-M calculation to be located at 540 keV. Both the 7/2+ and 

the l/2+ levels are part o f the theoretically-predicted 2p2h intruder “K =l/2” band, where 

the 3/2+ becomes the ground state because of mixing with other 3/2+ spherical states not 

represented in Fig. 6.12.
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Figure 6.12 Comparison of the experimental level scheme of 29Ne with level schemes 
predicted by MCSM shell-model calculations using the SDPF-M interaction 
[Uts07] and OXBASH using the USD-A interaction [Bro07a]. Each level is 
labeled with its energy in keV (on the right) and its spin/parity assignment (on the 
left). The spin/parity value is in parenthesis when tentative. Each y-ray transition is 
labeled with its energy in keV and its transition intensity (%). The thickness of the 
arrows is roughly proportional to the corresponding y-ray transition intensity. The 
figure includes also the location of the neutron separation energy given by 
[ENS07].

The next y-ray transition in order o f decreasing intensity is that at 931(8) keV, with a 

relative intensity o f 38(11)%. By comparison with energy levels given by SDPF-M we 

postulate this transition to connect either the 7/2+ or the 5/2' to the ground state.

Even though we don’t have y-y coincidence data, we can rule out placing the 622- 

and the 931-keV transitions in the same decay cascade because the total excitation energy 

would be above the tabulated neutron separation energy, Sn = 1330(320) keV [ENS07],
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The transition at 232(6) keV, with a relative intensity o f 37(14)%, is a candidate for 

the decay of the negative-parity lp lh  3/2' level (predicted by SDPF-M at 420 keV) to the 

3/2+ ground state. It is interesting to note that the experimental energies are lower than 

the SDPF-M shell-model predictions, particularly if  the decays correspond to the 

positive-parity 2p2h states. Moreover, all the experimental energies fall far below USD 

predictions, where the first excited state with positive parity (l/2+) lies at an energy of 

-1700 keV (negative parity states would lie at 1 MeV and higher).

In summary, the observed 29Ne spectrum displays the expected characteristics o f a 

strongly deformed 2p2h intruder configuration and is consistent with a reduced N = 20

gap-
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Chapter 7 

Summary and Conclusions

This thesis addressed the structure o f neutron-rich 28'30Ne nuclei located at the 

transition and in the “island of inversion.” The island o f inversion is a region o f light 

neutron-rich nuclei centered around Z ~ 11 and N ~ 20 and characterized by strongly 

deformed ground states despite their nucleon number being close to the N -  20 

“conventional” magic number.

The 28'30Ne nuclei were produced by few-nucleon knockout o f -80-105 MeV/A 30‘ 

32Mg and 29Na beams following fragmentation o f 140 MeV/A 48Ca at the National 

Superconducting Cyclotron Laboratory, Michigan State University. Few-nucleon 

knockout is a direct reaction which -  combined with y-ray spectroscopy -  provided 

information on the 28'30Ne structures. The low-lying 28'30Ne structures were determined 

through measurements o f prompt single-y and y-y coincidences using the Segmented 

Germanium Array (SeGA), where high transverse segmentation provided the Doppler 

correction necessary to achieve good energy resolution.

The 28‘30Ne level schemes were compared with two types o f shell-model 

calculations: (a) OXBASH using the USD-A interaction, with an sd-shell model space 

and restricted to OpOh (0-particle-0-hole) “normal” configurations, and (b) a Monte Carlo 

Shell Model (MCSM) code using the SDPF-M interaction, which included the promotion 

of pairs o f neutrons (mainly 2p2h “intruder” configurations) across a reduced N = 20
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shell gap. A dominance o f intruder configurations is believed to explain ground-state 

deformation. New data on 28'30Ne excited states were used to study the transition to the 

island o f inversion and to test the validity o f shell-model calculations.

28Ne was produced by one- and two-proton knockout o f 94 MeV/A 29Na and 104

MeV/A 30Mg with cross sections o f 14(7) and 0.8(2) mb, respectively. The spectrum of

excited states observed in 28Ne was similar for both reactions. The 28Ne structure

consisted o f a cascade of three consecutive transitions leading to the ground state. In the

29Na to 28Ne reaction, the measured 4i+ -> 2i+ 1707(7)-keV and 2i+ -> 0i+ 1306(4)-keV y-

ray transitions confirmed literature data [BelOO, Aza02a, Aza02b, Gui02, Bel05,

Dom06a, Dom06b]. The y-y coincidence relationships for the observed 891(5)-keV y ray

(proposed to correspond to the 42+ 4i+ transition) ruled out recently published data

[Bel05] assigning this transition to the 02+ 2i+. The MCSM model using the SDPF-M

interaction predicts a -50-50%  0p0h-2p2h ground-state configuration, suggesting that 

28Ne is a mixed normal-intruder nucleus located at the boundary o f the island of 

inversion. Our experimental data showed better agreement with SDPF-M compared to 

USD-A, and thus supports a mixed normal-intruder ground state. However discrepancies 

exist; for example, the low-lying 2.2-MeV 02+ state predicted by SDPF-M remains 

unobserved, and Ne contains a new isolated 1127(4)-keV transition not explained by 

SDPF-M.

The 29'30Ne structures, with -100%  2p2h ground-state configurations predicted by 

SDPF-M, showed significantly better fits to MCSM calculations using the SDPF-M 

interaction than the OXBASH code using the USD-A interaction.
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30Ne was produced in three measurements o f two-proton knockout from 32Mg (at 

-80-90 MeV/A), with an average inclusive cross section o f 0.22(3) mb. In the combined 

y-ray spectrum of 30Ne, a 2i+ 0i+ 792(4)-keV transition confirmed literature data

[Yan03, Yan04], A new 4i+ -> 2i+ 1443(1 l)-keV transition provided the first evidence for 

a 4\+ state in the island of inversion.

29Ne was produced by few-nucleon knockout from -80-90 MeV/A 32Mg secondary 

beams with an average inclusive cross section o f 0.25(3) mb. The strongest y-ray 

transition at 622(4) keV feeding the ground state is a more accurate measurement of a 

recently reported transition at 680(80) keV [Bel05]. This transition and two new low- 

lying transitions at 931(8) keV and 232(6) keV are in better agreement with SDPF-M 

than USD-A, confirming that N = 19 29Ne is in the island o f inversion.

Regarding reaction cross sections, our few-nucleon knockout cross section 

measurements between 0.2 and 14 mb agree with others reported in the literature. These 

data show measured one-proton knockout cross-sections to be -0.5-0.7 o f the magnitude 

o f theoretical predictions. Our observed -0.25 experimental-to-theoretical cross-section 

ratio in two-proton knockout was lower than the -0.5 reported in the literature. This 

additional reduction factor for two-proton knockout suggests differences in the neutron 

configurations in the initial and final nuclei greater than those included in the reaction 

model.

Overall, there is good evidence that the structure data tend to be in better agreement 

with the MCSM calculations using a larger model space and using the SDPF-M 

interaction allowing pair scattering from the sd to the p f shell, favored by a reduced N = 

20 shell gap caused by a strong proton-neutron interaction. However, the experimental
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data provide evidence for a number o f discrepancies relative to the SDPF-M predictions, 

especially in the case o f 28Ne, which have not been completely solved.

Future experimental research would benefit from the availability o f more intense and 

energetic radioactive beams, which would contribute to significantly improved statistics 

in the y-singles and y-y coincidence data. More and better y-ray data, also allowed by 

larger and more highly-segmented and electronically-segmented germanium detector 

arrays such as GRETA [Lee03], would help discriminate between existing peaks and 

observe new transitions. Other experiments such as Coulomb excitation and inelastic 

scattering will be helpful as they provide data on transition strengths which are valuable 

in assessing the collectivity o f nuclei, and can also serve to test predictions by shell- 

model calculations.

From the theoretical viewpoint, the reaction models need to be improved to 

quantitatively explore the differences between theoretical and observed inclusive cross 

sections. Specifically, in the Monte Carlo Shell Model calculations, there is a need to 

obtain nucleon overlap functions (“spectroscopic” factors) using fully mixed OpOh, 2p2h 

and 4p4h wave functions that will constitute a more realistic input to the one- and two- 

proton knockout reaction codes.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix A 

Efficiency Calibrations of the Segmented Germanium 

Array

As explained in Chapter 4 (Section 4.2.4), the absolute efficiency o f an array is the 

ratio o f the number o f full-energy y rays detected vs. the number of y rays emitted by the 

source. The absolute efficiency is a function of the energy o f the y ray. To determine the 

absolute efficiency of SeGA we used a 152Eu source (labeled Z2707 at MSU) with a 

reported activity o f 3.13 lx l0 5 (±1.4%) Bq on May 1st 1978. The half-life of 152Eu is fi/2 

(152Eu) = 13.537(6) years [Fir96],

The first step in obtaining an absolute efficiency curve was to obtain a relative 

efficiency curve. The relative efficiency curve is a fit to a number o f data points, each of 

which is the measured “intensity” o f a y-ray peak in the y-ray spectrum produced by the 

152Eu source during a ~one-hour time interval. Each measured “intensity” is the ratio of a 

given background-subtracted peak area to its corresponding branching ratio (the 

branching ratios are listed in Table 4.1).

A. 1 Absolute Efficiency Curves in E03053

In the E03053 experiment (conducted in 2004), the relative efficiency was fitted to 

the following expression:
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log10(erel2004) = 14-07' 5-8511og10(E) + 0-88461°gl20(E)' ^  (A-1)’ E

where E is in keV.

To obtain the absolute efficiency, we used the known value o f the activity o f the

1 ̂ 9Eu source (with MSU label Z2707) which was used for the efficiency calibration. The 

reported activity o f this source on May 1st 1978, neglecting its small uncertainty, is:

A0(152Eu source, May 1st 1978) = 3.131xl05 Bq (A.2)

The calibration run was performed on Dec. 13th 2004, so that its activity after the

152elapsed time of 26.622 years, and using the ti/2( Eu) = 13.537 years, was calculated as:

A (t = 26.622 yr) = A0 exp (-t*0.693/ti/2) = 8.013lxlO4 Bq (A.3)

1 ̂ 7To calculate the absolute efficiency we used one o f the Eu peaks, in particular we 

chose the 1.085-MeV peak with branching ratio of 10.13% (Table 4.1). The activity 

corresponding to this peak was calculated as:

A( 1.085-MeV peak) -  (0.1013)*(8.0131xl04 Bq) -  8117.27 Bq (A.4)

The area under the 1.085 MeV peak, accumulated during the calibration run was 

199687.5. The calibration run lasted 3720 seconds, with a live time o f 23.0897%, so that 

the actual time was 858.94 seconds. Using this area and the actual time we calculated the 

activity (of 1.085 MeV peak) as 232.48 Bq. Since the total activity o f this peak was 

8117.27 Bq, the absolute efficiency of the 17-detector array in E03053 was calculated as 

2.864% at 1.085 MeV. This value was used to convert the relative efficiency curve (Eq.

A .l) into an absolute efficiency calibration curve as follows:

14.07 - 5.851 log (E) + 0.8846 log2 (E) -
e = ____ 1 10 L E 2 J (A.5)
abs, 2004 987639.67
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where E is in keV, and sabs, 2004 denotes the absolute efficiency o f the 17-detector SeGA 

array used in E03053 and evaluated with a stationary I52Eu calibration source located at 

the center of SeGA.

Due to the high velocity o f the secondary fragments, the y rays that they emit are 

affected by the Lorentz-boost and the Doppler-shift corrections (Section 4.2.4). These 

two corrections are angle-dependent and they affect differently the efficiency of the 37°- 

and the 90°-rings, so it was necessary to have separate absolute efficiency curves for the 

37°- and the 90° rings. By comparing the areas of the 152Eu peaks measured by the 37° 

and the 90° rings, we observed that the 90° peaks were, on average and consistently, a 

factor of 1.2125 that of the 37° peaks. Therefore we deduced the contributions of the 37° 

and 90° rings to the efficiency curve to be 45.2% and 54.8%, respectively. Assuming that 

the shape of the efficiency curves in the individual rings is the same as that of the total 

efficiency, we can write:

°-452 10
14.07 - 5.851 log. .(E) + 0.8846 log J (E) - 10050

Jabs_37,2004 987639.67

0.548 _1qL
14.07 - 5.851 log. (E) + 0.8846 log?. (E) - 10050

(A.6)

(A.7)
abs_90,2004 987639.67

where the absolute efficiency o f the array is the sum of the corresponding 37°- and 90°- 

ring contributions:

£abs, 2004 = £abs_37,2004 + £abs_90,2004 (A 8)

Expressions (A.6) and (A.7) are the formulas for the solid lines connecting the 

experimental efficiency points in Figs. 4.9 and 4.10, respectively.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The Lorentz-boosted efficiency curves in Figs. 4.9 and 4.10 (dashed lines) were 

obtained from the absolute efficiency curves by multiplying them by their corresponding 

Lorentz-boost factor:

&37,2004 = f?7 Sabs_37,2004 (A.9)

£ 9 0 ,2004 = f90 £abs_90,2004 (A. 10)

where the Lorentz-boost factors fn  and fgo can be calculated using Eq. 4.2 in Chapter 4.

A.2 Absolute Efficiency Curves in E05122

The same procedure described in A .l was applied to obtain the absolute efficiency 

curves in the E05122 experiment (conducted in 2006). In E05122, the relative efficiency 

was fitted to the following expression:

1° 8 l 0(Erel,2006) = 8-623- 2-931oS l0<E> + 0-384l° s f0 (E>-1^  (A 'H )
b

where E is in keV.

We used the same 152Eu calibration source as in E03053, with original activity A0 as 

expressed in Eq. A.2. The calibration run was performed on Sept. 2nd, 2006, so that its 

activity after the elapsed time of 28.34 years was calculated as:

A(t = 28.34 yr) = A0 exp (-t*0.693/ti/2) = 7.3384xl04 Bq (A.12)

To calculate the absolute efficiency we used again the 1.085-MeV peak with 

branching ratio 10.13% (Table 4.1). The activity corresponding to this peak was 

calculated as:

A(1.085-MeV peak) -  (0.1013)*(7.3384xl04 Bq) -  7433.85 Bq (A.13)
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The area under the 1.085 MeV peak, accumulated during the calibration run was 

13016. The calibration run lasted 282 seconds, with a live time of 24.6%, so the actual 

time was 69.372 seconds. Using this area and the actual time we calculated the activity 

(of the 1.085-MeV peak) as 187.6 Bq. Since the total activity of this peak is 7433.85 Bq, 

the absolute efficiency o f the 16-detector array in E05122 was obtained as 2.52% at 1.085 

MeV. This value was used to convert the relative efficiency curve (Eq. A. 11) into an 

absolute efficiency calibration curve as follows:

1 10

8.623 - 2.93 log ,.  (E) + 0.384 log,2.  (E) 10200
(A.14)

abs, 2006 ~ 71947.5

where E is in keV, and sabS, 2006 denotes the absolute efficiency of the 16-detector SeGA 

array used in E05122 and evaluated with a stationary 152Eu calibration source located at 

the center o f SeGA.

To allow for the application of Lorentz-boost and Doppler-shift corrections (Section 

4.2.4) it was necessary to obtain separate absolute efficiency curves for the 37°- and the 

90°-rings. By comparing the areas o f the 152Eu peaks measured by the 37° and the 90° 

rings, we observed that the 90° peaks were, on average and consistently, a factor o f 1.219 

that o f the 37° peaks. Therefore we can deduce the contributions o f the 37° and 90° rings 

to the efficiency curve to be 45.1% and 54.9%, respectively. Assuming again that the 

shape of the efficiency curves in the individual rings is the same as the total intrinsic 

efficiency, we can write:

0451 10

8.623 - 2.93 log, (E) + 0.384 log2 (E) - 10200

"abs_37,2006 71947.5
(A. 15)
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8.623 - 2.93 log1Q (E) + 0.384 log^ (E)----
10200

0-549
eabs_90,2006 71947.5

(A . 16)

where the absolute efficiency of the array is the sum of the corresponding 37°- and 90°-

ring contributions:

Sabs, 2006 £abs_37,2006 + Sabs_90,2006 (A. 17)

Expressions (A. 15) and (A. 16) are the formulas for the solid lines connecting the 

experimental efficiency points in Figs. 4.11 and 4.12, respectively.

The Lorentz-boosted efficiency curves in Figs. 4.11 and 4.12 (dashed lines) are 

obtained from the absolute efficiency curves by multiplying them by their corresponding 

factor:

£37,2006 “  f37 £abs_37,2006 (A. 18)

£90,2006 _  f90  £abs_90,2006 (A. 19)
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Appendix B 

Analysis of Cross Section Data and Calculation of Errors

B .l Inclusive Cross Sections

The inclusive cross section Oinc was defined in Chapter 4 (Eq. 4.5) to be:

-------------N ,  (partides)----------  „ 10» mb/cm>
N b (particles) N t (particles/cm )

The numbers of fragment (Nf), beam (Nb) and target (Nt) particles were defined in 

Chapter 4 as follows (Eqs. B.2 to B.4):

N
N f = -------------- ^ -----------  (B.2)

ltkn effkn effgatK CRDC

N b = Nunr— SCalerkn (B.3)
K n r  e f f u„r S C a l e U

N t (particles/cm2) = Pt (g/cm2) N A(particles/mol)
* AW, (g/mol)

where N k n  and Nunr are numbers o f particles detected in the P I D  spectrum for a given 

fragment type in the knockout run (Nkn) and for a given beam type during the unreacted 

run (Nunr); ltkn and ltunr are lifetimes o f the knockout and unreacted runs, respectively; 

effkn, effunr and effgat are efficiencies in the knockout and unreacted runs, and due to 

gating in the knockout run (explained in Chapter 4); K c r d c  is the fraction (between 0 and

1) o f fragments that were detected within the S800 focal plane acceptance; scaler^ and

scalerunr are numbers of counts registered at the S800 object scintillator; pt is the density
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of the target, N a is Avogadro’s number = 6.023x1023, and AWt is the atomic weight of 

the target in units of g/mol.

The uncertainty in the inclusive cross section ajnc was expressed as:

A ct- r A N f ^
i

f  AN,  ^
I

f  A N ^+ +
I n , J l * b ) I n , J

The following are expressions for the uncertainties in Nf, Nb, and N t: 

AN, l( AN,,„ Y ( Aeff,
N ,

kn
NV kn J

+  kn_
V effkn J

+
Aeffg
eff ,

\ 2

+ AK c r d c  

V ^CRDC J

\2

(B.5)

(B.6)

ANt
N„

^ 2  f  L C C  \ 2

Aeff uniAN,.

NV unr y
+

V eff«nr J
(B.7)

ANt Ay>t

N. P t

(B.8)

Tables B .l through B.10 contain detailed calculations o f inclusive cross sections in 

experiments E03053 and E05122, including error estimates. Figure B .l contains the 

CRDC spectrum of 28Ne produced by two-proton knockout o f 30Mg measured at the S800 

focal plane, for which the estimated Kcrdc was -0.70.

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table B.l Cross sections of fragments produced by the 29Na secondary beam in E03053.
The calculations use the following constant values: Nunr = 11676, ANunr/Nunjr = 0.05, 
scalerunr = 1.25xl05, ltunr = 0.737, effunx = 0.88, Aeffunr/effunr = 0.071, scalerkn = 
6.63x109, ANkn/Nkn = 0.05, lt^ = 0.996, effkn = 0.79, Aeffkn/effkn = 0.071, effgat = 1, 
Aeffgat/effgat = 0, ANt/N, = 0.01.

Reaction Nb ANb/Nb Nk ts AKCrdcI M
■'CRDC N f

•'CRD C
ANf/N, Nt o(mb) Aa/a Ao(mb)

29Na —>28Ne 9.57E+08 0.087 59112 0.15 0.47 500951 0.48 3.78E+22 ■ i t 0.5 7
29Na —> 25F 9.57E+08 0.087 13785 0.60 0.17 29206 0.19 3.78E+22 0.8 0.2 02
29Na —> 26F 9.57E+08 0.087 9974 0.70 0.14 18113 0.17 3.78E+22 0.5 0.2 0 1

29Na —► 27F 9.57E+08 0.087 4458 0.60 0.17 9445 0.19 3.78E+22 03 0.2 01

29Na —*■220 9.57E+08 0.087 6924 0.60 0.17 14670 0.19 3.78E+22 0.4 0.2 0 1

29Na -♦ 19N 9.57E+08 0.087 7535 0.60 0.17 15964 0.19 3.78E+22 0.4 0.2 0 1

29Na —> 20N 9.57E+08 0.087 7507 0.60 0.17 15905 0.19 3.78E+22 0.4 0.2 0.1
29Na -*• 16C 9.57E+08 0.087 6096 0.60 0.17 12915 0.19 3.78E+22 0.4 0.2 0.1

Table B.2 Cross sections of fragments produced by the 30Mg secondary beam in E03053.
The calculations use the following constant values: Nimr = 23112, ANunr/Nunr = 0.05, 
scalerunr = 1.25x10s, ltunr = 0.737, effunr = 0.88, Aeff„n,/effum = 0.071, scaler^ = 
6.63xl09, ANta/Nkn = 0.05, lt^, = 0.996, e f ^  = 0.79, Aeffkn/effkn = 0.071, effgat = 
0.442, Aeffgat/effgat = 0.071, ANt/N, = 0.01.

Reaction

30Mg 

30 Mg 

30Mg 

30Mg 

30Mg 
30Mg 
30Mg

• 29Na 1.89E+09

• 30Na 1.89E+09

■ 26Ne 1.89E+09

• 27Ne 1.89E+09 

> 28Ne 1.89E+09
• 24F 1.89E+09
■ 25F 1.89E+09

ANb/Nb Nk„ K c r d c
A K Cr d c /

K c r d c
N, ANf/N, N, cr(mb) Aa/a Aa(mb)

0.087 38893 0.60 0.17 186427 0.20 3.78E+22 26 0.2 06

0.087 12412 0.60 0.17 59495 0.20 3.78E+22 08 j 0.2 0.2

0.087 4215 0.60 0.17 20204 0.20 3.78E+22 0 28 ’ 10.22 0 06

0.087 10752 0.60 0.17 51538 0.20 3.78E+22 07 10.2 02

0.087 14446 0.70 0.14 59352 0.18 3.78E+22 0.8 0.2 0.2
0.087 9617 0.60 0.17 46097 0.20 3.78E+22 06 0.2 I B M
0.087 6059 0.80 0.13 21782 0.17 3.78E+22 0.30. 0.20 0.06
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Table B.3 Cross sections of fragments produced by the 32A1 secondary beam in E03053.
The calculations use the following constant values: Nunr = 7612, ANunr/Nlinr = 0.05, 
scalerunr = 1.25xl05, ltunr = 0.737, efflinr = 0.88, Aeffunr/effunr = 0.071, scalerkn = 
6.63x109, ANkn/Nkn = 0.05, ltkn = 0.996, effb, = 0.79, Aeffkn/effkn = 0.071, effgat = 
0.442, Aeffga,/effgat = 0.071, ANt/Nt = 0.01.

Reaction Nb ANb/Nb Nkn K c r d c
A K Cr d c /

K Cr d c
N, AN,/Nf N, cj(mb) 1<

Acr(mb)

32AI -> 29Na 6.24E+08 0.087 6601 0.60 0.17 31641 0.20 3.78E+22 1 3 0.2 0.3

32AI — 30Na 6.24E+08 0.087 7128 0.60 0.17 34167 0.20 3.78E+22 1 4 0.2 0.3

32AI - 26Ne 6.24E+08 0.087 1462 0.60 0.17 7008 0.20 3.78E+22 0.30 0.22 0 07

32AI ->■ 27Ne 6.24E+08 0.087 1308 0.60 0.17 6270 0.20 3.78E+22 0 27 0.22 0.06

32AI -» 28Ne 6.24E+08 0.087 1524 0.60 0.17 7305 0.20 3.78E+22 0.31 0.22 0.07

32AI — 24F 6.24E+08 0.087 2151 0.60 0.17 10310 0.20 3.78E+22 0.4 0.2 ■ M il
32AI -> 25F 6.24E+08 0.087 1055 0.70 0.14 4335 0.18 3.78E+22 018 0.21 0.04

Table B.4 Cross sections of fragments produced by the 32Mg secondary beam in E03053.
The calculations use the following constant values: Nunv = 11473, ANunr/Num = 0.05, 
scalerunr = 2.26x10s, ltunr = 0.663, effunr = 0.9144, Aeffunr/effunr = 0.071, scalerkn = 
3.07xl09, ANk„/Nk„ = 0.05, ltk„ = 0.999, e f^  = 0.82, Aeffkn/effkn = 0.071, effgat = 1, 
Aeffgat/effgat = 0, ANt/Nt = 0.01.

Reaction Nb AN^Nb Nkn K c r d c
A K c r d c /

K c r d c
N, ANf/Nf N, a(mb) Acj/ct Aa(mb)

32Mg —> 31 Na 2.56E+08 0.087 1882 0.20 0.50 11492 0.51 3.78E+22 12 0.5 0.6

32Mg -» 28Ne 2.56E+08 0.087 794 0.20 0.50 4848 0.51 3.78E+22 0 5 0.5 0.3

32Mg -► 29Ne 2.56E+08 0.087 1238 0.60 0.17 2520 0.19 3.78E+22 0 26 0.21 0.06

32Mg -* 30Ne 2.56E+08 0.087 1526 0.78 0.13 2389 0.15 3.78E+22 0 25 0.18 0.05

32Mg -* 25F 2.56E+08 0.087 590 0.20 0.50 3603 0.51 3.78E+22 0 4 0.5 02
32Mg -> 26F 2.56E+08 0.087 706 0.30 0.33 2874 0.34 3.78E+22 0 3 0.4 ■lllfcfl
32Mg -> 27F 2.56E+08 0.087 521 0.60 0.17 1060 0.19 3.78E+22 011 0.21 0 02
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Table B.5 Cross sections of fragments produced by the 33A1 secondary beam in E03053.
The calculations use the following constant values: Nun,. = 43125, ANunr/Nunr = 0.05, 
scalerunr = 2.26xl05, ltunr = 0.663, effun, = 0.9144, Aeffunr/effunr = 0.071, scalerkn = 
3.07xl09, ANkn/Nkn = 0.05, ltfa, = 0.999, effkn = 0.82, Aeffkn/effkn = 0.071, effgat = 
0.71, Aeffgat/effgat = 0.071, ANt/Nt = 0.01.

Reaction Nb ANb/Nb Nkn K c r d c

akcrdc/
K c r d c N, ANf/Nf N, c(mb) Aa/a Acr(mb)

33AI -♦ 32Mg 9.63E+08 0.087 1101 0.20 0.50 9469 0.51 3.78E+22 03 [0.5 lililM
33AI -> 33Mg 9.63E+08 0.087 341 0.20 0.50 2933 0.51 3.78E+22 0.08 10.52 0 04
33AI -> 29Na 9.63E+08 0.087 491 0.20 0.50 4223 0.51 3.78E+22 0 12 ! 0.52 0 06
33AI -> 30Na 9.63E+08 0.087 4309 0.60 0.17 12353 0.20 3.78E+22 0 34 10.22 0.08
33AI —»31 Na 9.63E+08 0.087 7792 0.80 0.13 16753 0.17 3.78E+22 0 46 |0.20 0 09
33AI ->■ 27Ne 9.63E+08 0.087 508 0.30 0.33 2913 0.35 3.78E+22 0 08 0.37 0 03
33AI -»• 28Ne 9.63E+08 0.087 2056 0.70 0.14 5052 0.18 3.78E+22 014 0.21 0.03
33AI -» 24F 9.63E+08 0.087 973 0.60 0.17 2789 0.20 3.78E+22 0 08 0.22 0.02
33AI ^  25F 9.63E+08 0.087 1276 0.50 0.20 4389 0.23 3.78E+22 0.12 10.25 0.03

Table B.6 Cross sections of fragments produced by the 35Si secondary beam in E03053.
The calculations use the following constant values: Nunr= 10737, ANunr/Nunr = 0.05, 
scalerunr = 2.26xl05, ltunr = 0.663, effunr = 0.9144, Aeffunr/effunr = 0.071, scalerkn = 
3.07xl09, ANkn/Nk„ = 0.05, ltkn = 0.999, effb, = 0.82, Aeffkn/effkn = 0.071, effga, = 
0.71, Aeffgat/effgat = 0.071, ANt/Nt = 0.01.

Reaction Nb ANb/Nb Nkn Kcrdc
AKcrdc/
Kcrdc N, > z Nt cr(mb) Aa/a Aa(mb)

35Si -> 32Mg 2.40E+08 0.087 378 0.20 0.50 3251 0.51 3.78E+22 0.4 0.5 02
35Si -> 33Mg 2.40E+08 0.087 251 0.20 0.50 2159 0.51 3.78E+22 0.2 0.5 01
35Si -* 29Na 2.40E+08 0.087 115 0.20 0.50 989 0.51 3.78E+22 0 11 0.52 0.06
35Si -> 30Na 2.40E+08 0.087 435 0.60 0.17 1247 0.20 3.78E+22 0.14 0.22 0.03

35Si —> 31 Na 2.40E+08 0.087 586 0.80 0.13 1260 0.17 3.78E+22 0.14 0.20 0.03
35Si 27Ne 2.40E+08 0.087 82 0.30 0.33 470 0.35 3.78E+22 0 05 0.37 0 02

35Si -> 28Ne 2.40E+08 0.087 194 0.70 0.14 477 0.18 3.78E+22 0 05 0.21 0.01
35Si -> 24F 2.40E+08 0.087 208 0.60 0.17 596 0.20 3.78E+22 0 07 0.22 0.01

35Si -> 25F 2.40E+08 0.087 143 0.50 0.20 492 0.23 3.78E+22 0.05 0.25 0 01
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Table B.7 Fragments produced by the 3IMg secondary beam in E05122, where Bp of the 
S800 is 3.6185 Tm. The calculations use the following constant values: Nunr = 
141019, ANunr/Nunr = 0.05, scalerunr = 3.15xl05, ltunr = 0.547, effimr = 0.994, 
Aeffunr/effunr = 0.071, scalerkll = 2.67x109, ANkn/Nkn = 0.05, lt ,̂ = 0.854, effkn = 
0.576, Aeffkn/effkn = 0.071, effgat = 1, Aeffgal/effgat = 0, AN./N, = 0.01.

AKCrdc I
Reaction Nb ANb/Nb Nkn KCRDC KCRDc N, AN(/N, N, a(mb) Act/ct Aa(mb)

31 Mg —> 26Ne 2.20E+09 0.087 21619 0.30 0.33 146524 0.34 2.52E+22 'i* 0.4
31 Mg —»27Ne 2.20E+09 0.087 34256 0.90 0.11 77391 0.14 2.52E+22 g  0.2
31 Mg —> 28Ne 2.20E+09 0.087 13832 0.80 0.13 35155 0.15 2.52E+22 0.6 0.2
31 Mg —> 30Na 2.20E+09 0.087 352965 0.90 0.11 797413 0.14 2.52E+22 0.2
31 Mg —► 31 Na 2.20E+09 0.087 19257 0.80 0.13 48943 0.15 2.52E+22 0.9 0.2

Table B.8 Fragments produced by the 32Mg secondary beam in E05122, where Bp of the 
S800 is 3.4957 Tm. The calculations use the following constant values: Nunr = 
122646, ANunr/Nunr = 0.05, scalerunr = 3.07xl05, ltlinr = 0.646, effimr = 0.994, 
Aeffunr/effunr = 0.071, scalerkn = 1.94xl09, ANk„/Nk» = 0.05, It*,, = 0.896, effkn = 
0.576, Aeffkn/effkn = 0.071, effgat = 1, Aeffgat/effgat = 0, ANt/Nt = 0.01.

Reaction Nb A N b/N b Nkn K c r d c

akcrdc/
K c r d c N, ANf/Nf N, cr(mb) Ao/o Ao(mb)

32Mg -> 27Ne 1.21E+09 0.087 8028 0.60 0.17 25927 0.19 2.52E+22 0 9 0.2 02
32Mg -> 28Ne 1.21E+09 0.087 12182 0.80 0.13 29507 0.15 2.52E+22 1.0 0.2 02
32Mg -» 30Na 1.21 E+09 0.087 80302 0.90 0.11 172895 0.14 2.52E+22 6 0.2 i l l i i i
32Mg —► 31 Na 1.21E+09 0.087 61821 0.90 0.11 133105 0.14 2.52E+22 4 4 0.2 0 8

Table B.9 Fragments produced by the 32Mg secondary beam in E05122, where Bp of the 
S800 is 3.7201 Tm. The calculations use the following constant values: N unr -  
122646, ANunr/Nu„r = 0.05, scalerUI1r = 3.07x10s, ltunr = 0.646, effunr = 0.994, 
Aeffu„r/effUnr = 0.071, scalerkn = 1.19xl09, ANkn/Nkn= 0.05, ltk„ = 0.970, effkn = 0-88, 
Aeffkn/effkn = 0.071, effgat = 1, Aeffgat/effgat = 0, ANt/Nt = 0.01.

akcrdc/
Reaction Nb ANb/Nb Nkn Kcrdc Kcrdc N, AN,/N, N, o(mb) A o / ct Aa(mb)

32Mg -» 28Ne 7.43E+08 0.087 10071 0.30 0.33 39326 0.34 2.52E+22 2 1 ' I 0'4 08
32Mg -> 29Ne 7.43E+08 0.087 3949 0.92 0.11 5028 0.14 2.52E+22 0 27 I 0'17 0 05
32Mg -> 30Ne 7.43E+08 0.087 1489 0.44 0.23 3964 0.24 2.52E+22 02I I 0'3 0 06
32Mg —► 31 Na 7.43E+08 0.087 67232 0.30 0.33 262529 0.34 2.52E+22 14 10.4 illlfil
32Mg -> 32Na 7.43E+08 0.087 5372 0.70 0.14 8990 0.17 2.52E+22 0A8 10.2 0 09
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Table B.10 Fragments produced by the 32Mg secondary beam in E05122, where Bp of the 
S800 is 3.7201 Tm. The calculations use the following constant values: Nunr = 
122646, ANunr/Nunr = 0.05, scalerunr = 3.07xl05, ltunr = 0.646, effu„r = 0.994, 
Aeffunr/effunr = 0.071, scalerkn = l.lxlO9, ANkn/Nkn= 0.05, ltk„ = 0.999, effkn = 0.85, 
Aeffkn/effkn = 0.071, effgat = 1, Aeffgat/effga, = 0, ANt/Nt = 0.01.

Reaction Nb ANb/Nb Nkn K c r d c

A K crdc/

K c r d c N, ANf/Nf N, a(mb) Aa/a Aa(mb)

32Mg -> 28Ne 6.82E+08 0.087 952 0.30 0.33 3740 0.34 2.52E+22 02 0.4 i l i l l
32Mg -* 29Ne 6.82E+08 0.087 2022 0.65 0.15 3666 0.18 2.52E+22 0 21 0.20 0.04

32Mg 30Ne 6.82E+08 0.087 2304 0.74 0.14 3669 0.16 2.52E+22 0 21 0.19 0 04
32Mg —> 31 Na 6.82E+08 0.087 1241 0.20 0.50 7313 0.51 2.52E+22 0.4 0.5 02
32Mg -> 32Na 6.82E+08 0.087 933 0.30 0.33 3665 0.34 2.52E+22 02 0.4 0 1

100 200 300 400

Figure B .l Sample of a CRDC spectrum of 28Ne produced by two-proton knockout 
of 30Mg, measured at the S800 focal plane.
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Appendix C 

Analysis of y-Ray Intensity Data and Calculation of 

Errors

This appendix details the procedure to obtain the y-ray intensities, IY, where the y-ray 

intensity of the transition from the first excited state to the ground state is defined as 

100%. The procedure involves first the measurement of peak intensities, Ip, in a given y- 

ray spectrum. The peak intensity is defined as the ratio of the area o f a background- 

subtracted peak, Ap, vs. the Lorentz-boosted absolute efficiency s, i.e., Ip = Ap/e.

The energy of a given peak in the y-ray spectrum given by the data acquisition 

software SpecTcl [Spe07] is a “Doppler-corrected” (or “Doppler-reconstructed”) energy, 

Ey°, which is converted to a Doppler-shifted energy, EY(0), where 0 is 37° or 90°, by 

multiplying Ey° by the corresponding Ey(0)/Ey° factor, which depends on (3 (= v/c o f the 

fragment) and 0 (the 0 values for the SeGA rings are either 37° or 90°) as indicated in Eq.

C .l and represented in Table C .l and Fig. C .l :

.e ; ( i - p 2)i/2
1 -  pCOS0

e t(Q)=- ■■ V  „ (C J )

Table C .l gives values o f Ey(0)/Ey° for a range of P and 0 values. Tables C.2 to C.5 

contain detailed calculations of the y-ray intensities of transitions in 28'30Ne produced in 

different few-nucleon knockout reactions.
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Table C.l Values of Ey(0)/Ey° for different P (=v/c of the fragment) and 0 (direction of y- 
ray emission and detection, with respect to the horizontal beam axis).

Angle 0 

(deg.) (rad.) p = 0.39 P = 0.40

Ey(9)/Ey° 

p = 0.41 p = 0.42 p = 0.43 P = 0.44

0 0.00 1.5731 1.5956 1.6187 1.6425 1.6670 1.6922

20 0.35 1.5147 1.5339 1.5536 1.5738 1.5944 1.6156

37 0.65 1.3937 1.4067 1.4200 1 4335 1.4471 1.4610

60 1.05 1.1920 1.1967 1.2013 1.2059 1.2104 1.2149

90 I I I ^ W 0.9596 0.9573 0.9550 0.9526 0.9502 0.9476

100 1.75 0.8987 0.8952 0.8916 0.8879 0.8842 0.8804

120 2.09 0.8030 0.7978 0.7926 0.7873 0.7820 0.7767

160 2.79 0.7022 0.6958 0.6894 0.6831 0.6767 0.6704

2

1

0
0 45 90 135 180

6 (degrees)

Figure C.l Plot of Ey(0)/Ey° for P (=v/c of the fragment) equal to 0.40, and variable 0 
(direction of y-ray emission and detection, with respect to the horizontal beam 
axis).
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Table C.2 Energies and relative y-ray intensities of transitions observed in 28Ne produced 
by one-proton knockout from 29Na in E03053. The energies and y-ray intensities 
are measured separately in the 37°- and 90°-rings of SeGA, and then averaged out. 
The errors in the y-ray energies in this table are statistical only.

28Ne from 29Na, 37°-ring

Doppier-
corrected
energy

E /
(keV)

AEy°
(keV)

Doppler
shifted
energy

Ey(37°)
(keV)

Lorentz-
boosted
abs.
efficiency
£ 37, 2004

Background-
subtracted
area

Ap AAp

Peak
intensity

Ip AIP Alp/Ip

Relative
y-ray
intensity

Iy
(%)

ait/it AIy
(%)

897 3 1285.8 0.0226 77 28 3402 1237 0.36 8.8 0.37 3.2

1127.3 2.4 1615.9 0.0214 229 45 10689 2100 0.20 27.5 0.20 5.6

1307.8 0.8 1874.7 0.0211 820 45 38861 2133 0.05 100
1712 3 2454.1 0.0214 155 24 7241 1121 0.15 18.6 0.16 3.1

28Ne from 29Na, 90°-ring

Doppler- Doppler Lorentz- Background- Peak Relative
corrected shifted boosted subtracted intensity. y-ray
energy energy abs. area intensity

efficiency
E°Y AEy° ET(90°) £ 90, 2004 Ap AAP Ip AIP Alp/Ip Iy ait/it AIy

(keV) (keV) (keV) (%) (%)

889.4 1.4 847.3 0.0147 76 17 5162 1155 0.22 11.5 0.23 2.7
1124.9 2.4 1071.6 0.0130 84 23 6460 1769 0.27 14.4 0.28 4.1

1305.0 0.6 1243.2 0.0123 548 35 44715 2856 0.06 100
1701.2 1.8 1620.6 0.0115 135 18 11774 1570 0.13 26.3 0.15 3.9

28Ne from 29Na, averaged 37°- and 90c-rings

Doppler- Peak Relative
corrected intensity y-ray
energy intensity

Ey° AEr° Ip AIP Alp/Ip Iy Aly/Iy AIr
(keV) (keV) (%) (%)

891.4 1.6 Avg. I37 and I90 4282 846 0.20 10.2 0.20 2 I
1127 0 1.8 Avg. I37 and I90 8575 1373 0.16 20.5 0.17 3 4
1306.4 0.5 Avg. I37 and I90 41788 1782 0.04 100 1 *
1706.8 1.7 Avg. I37 and I90 9508 965 0.10 22.8 0.11 2.5
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Table C.3 Energies and relative y-ray intensities of transitions observed in 28Ne produced 
by two-proton knockout from 30Mg in E03053. The energies and y-ray intensities 
are measured separately in the 37°- and 90°-rings of SeGA, and then averaged out. 
The errors in the y-ray energies in this table are statistical only.

28Ne from 30Mg, 37°-ring

Doppler-
corrected
energy

E °‘-r

(keV)

a e t°

(keV)

Doppler
shifted
energy

Ey(37°)

(keV)

Lorentz-
boosted
abs.
efficiency

e 37, 2004

Background-
subtracted
area

Ap AAp

Peak
intensity

Ip AIP Alp/Ip

Relative
Y-ray
intensity

Iv

(%)

AL/Ly

<I 
^

8 94 5 1294 0 .0229 63 25 2751 1092 0 .40 19.7 0.41 8.1

1116 7 1615 0.0217 44 27 2025 1243 0.61 14.5 0.62 9.1

1301.2 2 .0 1883.0 0 .0214 298 32 13932 1496 0.11 100

1711 8 2476 0.0217 116 37 5338 1703 0 .32 38 0 .34 13

28 Ne from 30Mg, 90°-ring

Doppler- Doppler Lorentz- Background- Peak Relative
corrected shifted boosted subtracted intensity y-ray
energy energy abs. area intensity

efficiency

E 0Y a e y° Et(90°) s 90, 2004 Ap AAp Ip AIP Alp/Ip Iy AI/I, AIy

(keV) (keV) (keV) (%) (%)

894 4 849 0.0145 46 16 3162 1100 0 .35 25 .6 0 .37 9.6

1115 5 1059 0 .0129 18 12 1392 928 0 .67 11.3 0.68 7.7

1307.2 1.7 1242.1 0.0121 150 21 12363 1731 0 .14 100

1701 4 1616 0.0114 104 17 9161 1497 0 .16 74 0.22 16

28Ne from 30Mg, averaged 37°- and 90°-rings

Doppler- Peak Relative
corrected intensity y-ray
energy intensity
E °Y > m o

ip AIP Alp/Ip h AIy/Iy AIr

(keV) (keV) (%) (%)

895.0 3 .0 Avg. I37 and I90 2956 775 0 .26 22 0.28 6.2 I

1117.0 6 .0 Avg. I37 and I90 1709 775 0 .45 ! ■ ■ ■ ■ 0.46 6.0
1304 .2 1.4 £ CQ and I90 13148 1144 0 .09 100 ■ 1 1

1704 .0 4 .0 Avg. I37 and I90 7249 1134 0 .16 55 0.18 10
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Table C.4 Energies and relative y-ray intensities of transitions observed in 29Ne produced 
by knockout of 32Mg in E03053 and E05122. The energies and y-ray intensities are 
measured separately in the 37°- and 90°-rings of SeGA, and then averaged out. The 
errors in the y-ray energies in this table are statistical only.

Doppler- Doppler Lorentz- Background- Peak A IP A Ip/Ip Relative
corrected shifted boosted subtracted intensity y-ray
energy energy abs. area intensity

efficiency
E ° *-y AEy° E y(6) £(1, exp. A P AAp Ip A IP Alp/Ip Iy Aly/Iy A ly

(keV) (keV) (keV) (0/0) (%)

29Ne, 37°, 225 13 317 0.0616 8 4 130 65 0.50 31 0.62 19
P = 0.40
(E03053) 626 7 881 0.0261 11 4 421 153 0.36 100

29Ne, 90°, 233 7 223 0.0473 5 3 106 63 0.60 40 1.00 40
P = 0.40
(E03053) 636 19 609 0.0190 5 4 264 211 0.80 100

227 5 316 0.0442 24 8 543 181 0.33 36 0.39 14
29Ne, 37°, 620.9 1.1 865.3 0.0287 43 9 1497 313 0.21 100
P = 0.39
(E05122) 928 4 1293 0.0223 14 4 629 180 0.29 42 0.35 15

235 4 226 0.0292 19 13 651 446 0.68 39 0.74 29
29Ne, 90°, 620.6 2.1 596 0.0166 28 8 1689 48? 0.29 100
P = 0.39
(E05122) 914 14 877 0.0130 11 4 849 309 0.36 50 0.46 23

234 4 Avg. I37 and Ig0 , E03053 118 45 0.39
230 4 Avg. I37and I90, E05122 597 241 0.40

629 6 Avg. I37 and Igo, E03053 342 130 0.38

Averaged 620.8 1.0 Avg. I37 and I90, E05122 1593 288 0.18

results 932 4 Avg. I37 and Igo, E05122 739 179 0.24

Final 232 4 Summed E03053 and E05122 intensities 715 245 0.34 37 0.38 14
results 621 6 1.0 Summed E03053 and E05122 intensities 1935 316 0.16 100
29Ne 931 3 E05122 intensity 739 179 0.24 38 0.29 11
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Table C.5 Energies and relative y-ray intensities of transitions observed in 30Ne produced 
by two-proton knockout of 32Mg in E03053 and E05122. The energies and y-ray 
intensities are measured separately in the 37°- and 90°-rings of SeGA, and then 
averaged out. The errors in the y-ray energies in this table are statistical only.

Doppler- Doppler-Lorentz- Background- Peak Relative
corrected shifted boosted subtracted intensity y-ray
energy energy abs. area intensity

efficiency

Ey° AEr° Ey(0) ee,exp. Ap AAP Ip AIP AIp/Ip L,, AI/l^ AL,

(keV) (keV) (keV) (%) (%)

30Ne, 37°, 7g4 6 2.0 1117.8 0.0232 23 7 992 302 0.304 100
(3 = 0.40
(E03053) 1438 14 2023 0.0205 6 3 293 146 0.500 30 0.6 17

30Ne, 90°, 796 5 762 0.015615 7 4 448 256 0.571 100
P = 0.40
(E03053) 1424 12 1363 0.012004 2.8 2.4 233 200 0.857 52 1.0 54

30Ne, 37°, 787 3 1107.1 0.020397 33 9 1618 441 0.273 100
P = 0.40
(E05122) 1437 6 2021.5 0.015376 11 3 715 195 0.273 44 0.4 17

30Ne, 90°, 794 3 760 0.014394 20 7 1389 486 0.350 100
p = 0.40
(E05122) 1450 14 1388 0.010213 5 3 490 294 0.600 35 0.7 24

791.6 1.5 Avg. I37 and I90, E03053 720 198
791.6 1.5 Avg. I37 and I90, E05122 1504 328

Averaged 1443 7 Avg. I37 and I90, E03053 263 124
results 1443 7 Avg. I 37 and I 9q, E05122 602 176

Final
results 791.6 1.5 Summed E03053 and E05122 intensities 2224 383 0.172 100

30Ne 1443 7 Summed E03053 and E05122 intensities 865 215 0.249 39 : , o . 3 12
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