
NUCLEAR PHYSICS REACTIONS OF

ASTROPHYSICAL IMPORTANCE

BY PATRICK D. O’MALLEY

A dissertation submitted to the

Graduate School—New Brunswick

Rutgers, The State University of New Jersey

in partial fulfillment of the requirements

for the degree of

Doctor of Philosophy

Graduate Program in Physics and Astronomy

Written under the direction of

Dr. Jolie Cizewski

and approved by

New Brunswick, New Jersey

May, 2012



ABSTRACT OF THE DISSERTATION
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by Patrick D. O’Malley

Dissertation Director: Dr. Jolie Cizewski

Understanding the origin of elements in the universe is one of the main goals of

nuclear science and astrophysics today. Achieving this goal involves determining

how the elements and their isotopes formed and being able to predict their abun-

dances. At the Holifield Radioactive Ion Beam Facility (HRIBF) at Oak Ridge

National Laboratory (ORNL), an experimental program has been established to

use transfer reactions (such as (p,d) or (d,p)) to study the properties of many

nuclei important to understanding the origins of various elements. Three mea-

surements were done to aid in the determination of the origins of different light

isotopes.

Big Bang Nucleosynthesis calculations, constrained by the Wilkinson Mi-

crowave Anisotropy Probe results, produce primordial 7Li abundances almost

a factor of four larger than those extrapolated from observations. Since primor-

dial 7Li is believed to be mostly produced by the beta decay of 7Be, one proposed

solution to this discrepancy is a resonant enhancement of the 7Be(d, p)2α reaction
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rate through the 5/2+ 16.7-MeV state in 9B. The 2H(7Be,d)7Be reaction was used

to search for such a resonance; none was observed. An upper limit on the width

of the proposed resonance was deduced.

19F is believed to have formed in Asymptotic Giant Branch stars, but current

models cannot reproduce the observed abundances of this nucleus. One of the key

reactions responsible for the creation of 19F is 15N(α, γ). Therefore, it is important

to understand reactions that might destroy 15N, such as 15N(n, γ). The magnitude

of the 15N(n, γ) reaction rate depends directly on the neutron spectroscopic factors

of low-lying 16N levels. Currently the measured spectroscopic factors differ from

those expected from theory by a factor of 2. A study has been done to resolve

this discrepancy using the d(15N,p) reaction. The spectroscopic factors were all

found to be close to unity which is in agreement with theoretical predictions.

In novae, gamma ray emission is believed to be primarily due to electron-

positron annihilation, though the source of these positrons remains a mystery.

The positrons are believed to originate from the beta decay of 18F due to its long

half-life (t1/2 ∼ 110 min.). To date, gamma rays from this nucleus have not been

observed. Therefore, studies have been made on reactions believed to destroy 18F,

such as 18F(p, α) which goes through states in 19Ne. A recent study by Adekola

et al. showed that a state at 6.289-MeV in 19Ne, just below the proton threshold,

could have a significant impact on this reaction rate. However, the spin of this

state could not be determined. To determine the spin of this sub-threshold state,

a study of the 20Ne(p, d) reaction was made using a proton beam on a carbon

foil implanted with 20Ne. Due target contaminants, a spin assignment could not

be made, but a new experimental design was created and is described in this

dissertation.
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Chapter 1

Introduction

Understanding the origin of elements in the universe is one of the main goals

of nuclear science and astrophysics today. In order to accomplish this, we must

determine how the elements and their isotopes formed and be able to predict

their abundances. Completely solving this problem is beyond the scope of this

dissertation, however the work here does help to improve models of how elements

formed. Before describing the measurements made for this dissertation, it is

necessary to provide some context. This chapter provides a brief introduction

to nuclear structure physics and nuclear astrophysics so that the motivations for

these measurements might be better understood.

1.1 Nuclear Physics

Low energy nuclear physics is an investigation of nuclear properties and the laws

governing the structure of the nucleus. This investigation involves studying both

the relative motion of the constituents of the nucleus and their collective motion.

Efforts to understand the nucleus have existed since its discovery by Rutherford

in his famous experiment in 1909. Over the past century many advances have

been made, from the discovery of the neutron to the development of the modern

nuclear shell model. Most of this section was adapted from [Kra88].
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Figure 1.1: Neutron separation energies as a function of neutron number for
several even calcium isotopes. Note the sudden drop in separation energy after
N=20 and N=28, corresponding to shell closures and a gap in energy levels. Data
here are adopted from the NNDC

1.1.1 Shell Model

Atomic theory based on a shell model has helped to clarify the details of atomic

structure. Nuclear physicists, having their history in atomic theory, have used the

same tool to address the mystery of the structure of the nucleus. However, when

making this leap to nuclear physics, several complications arise. Among them

is that in the atomic case, the potential supplied to the electrons is ‘external’

to the electron, originating in the positively charged nucleus. However, in the

nucleus, the particles are traveling in a potential that they themselves create.

Furthermore, while electrons have an effective size much smaller than that of the

atom, nucleons themselves have a size comparable to that of the nucleus as whole.

Despite these difficulties there has been a great deal of scientific evidence
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to support the existence of a nuclear shell structure. Figure 1.1 shows neutron

separation energies, the energy it takes to remove a neutron from the nucleus,

as a function of neutron number for several calcium isotopes. Note how after

neutron numbers 20 and 28, there is a sudden drop in separation energies. These

sudden drops correspond to the filling of major shells, as in atomic theory. The

‘magic’ numbers at which these drops occur are the same for both neutrons and

protons (i.e. 2, 8, 20, 28, 50, 82, 126). This observation supports the notion that

the constituents of the nucleus can be treated as individual particles moving in a

potential well.

As a first step, the nuclear potential can be approximated by a harmonic

oscillator potential, with each state having a 2(2` + 1) degeneracy. For the first

few states, this theory seems to reproduce the magic numbers (2, 8, 20), but

it breaks down at higher levels. As an improvement to this model, a potential

should be used that better matches the mass distribution in the nucleus, such as

the Woods-Saxon potential (to be discussed later in this dissertation). However,

this model, while seemingly appropriate in its design, also does not reproduce the

magic numbers. The correction needed was discovered by Mayer, Haxel, Suess,

and Jensen in 1949. If a strong spin-orbit attractive interaction is included in the

potential, then the magic numbers are reproduced (see Figure 1.2). It should be

noted that this spin orbit force, while analogous to the atomic spin orbit force, is

not due to an electromagnetic force.

Despite its relative simplicity, the shell model successfully accounts for the

spins and parities of states in many nuclei. In these nuclei, the properties of the

nucleus can be attributed to the motion of the nucleons in the open valence shells.

However, there is little experimental data for weakly-bound nuclei far from the

valley of stability where the traditional description of the shell model may not

be valid. Due to this lack of data, tests of the shell model in exotic nuclei are
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Figure 1.2: To the left are single particle states calculated from Woods-Saxon
potential alone. At the right is the same potential including a spin-orbit term in
the potential.

currently among the highest priority experiments being performed at radioactive

ion beam facilities [Jon10].

1.2 Nuclear Astrophysics

Nuclear astrophysics is, in part, the study of the nuclear processes which drive

the birth, evolution, and death of stars. Our current cosmological belief is that

the nuclei which make up the majority of matter were first made from nucleons

created a short time after the beginning of the Universe, in the expanding fireball
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we call the Big-Bang. Nuclei were later forged in the interiors of stars and stellar

explosions. In fact, it is one of the primary goals of physicists today to explain

the origin and abundance of all the elements (and their isotopes) in the universe.

Tremendous effort has been spent by astrophysicists to model the complicated

reactions that occur, both in the big bang and during stellar evolution, to create

these nuclei. However, one of the major inputs needed to complete these models is

information about the properties of the nuclei involved. This information includes

energies and spin-parities of levels, masses, half-lives, and cross sections for key

reactions. It is the goal of the nuclear astrophysics experimentalist to measure

these quantities which allows more accurate and precise models to be developed.

In fact, all of the experiments discussed in this dissertation are of astrophysical

importance to address the origins of nuclei. The rest of this chapter will be

spent providing some astrophysical background so that the motivations for these

measurements might be better understood. The information provided here is

adapted from [Ost07].

1.2.1 The Big Bang

A model of big bang model nucleosynthesis (BBN) was proposed in the 1940’s

to explain the origin and abundance of chemical elements in the universe. This

model assumes that the early universe consisted of a very hot, very dense gas

that expanded into its current state. Initially the universe existed in a state

sometimes called the “cosmic fireball.” At this point this “cosmic fireball” was

comprised primarily of a dense quark gluon plasma. The temperature was so high

that particle anti-particle pairs (primarily leptons and quarks) were continuously

being created and destroyed. Eventually, some unknown reaction led to a violation

of baryon number and created an excess of matter over antimatter.

The universe continued to expand and cool and at about 10−6 s, quarks bonded
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to form heavier particles, like protons. While these protons were energetic enough

to overcome the repulsive Coulomb barrier, temperatures were too high for fusion

to occur since these nuclei would immediately be destroyed by the excess energy

brought into the reaction. About 1 second after the initial expansion, conditions

would become right for a variety of processes to occur (see Figure 1.3) and lead

to the production of many of the light elements (e.g. 2H, 3He, 4He, 7Li).

Throughout the big bang, photons have been interacting with matter with

photons creating particle anti-particle pairs or interacting particles creating pho-

tons. However, after about 379,000 years, the universe cooled to the point that

the radiation decoupled from matter and moved through the universe unimpeded.

As such, BBN models also predict a relic background radiation of photons that

would permeate the universe. In 1965 a radio telescope measured this radiation

for the first time. Eventually the spectrum was determined to peak in the mi-

crowave region and corresponded to a black body temperature of around 2.73

K [Pen65]. The big bang model’s ability to predict the existent of this cosmic

microwave background (CMB) is considered to be one of its greatest strengths

and therefore much work has been done over the past 50 years to improve the big

bang model.

BBN models are used for abundance calculations of light elements as a func-

tion of several parameters. They are particularly sensitive to the Hubble con-

stant H0 (often expressed in its dimensionless form h = H0

100 km s−1 Mpc−1 ) and the

cosmological baryon density parameter, Ωb ≡ ρb
ρc

where ρb is the baryonic mass

density and ρc is the critical density at which the universe is spatially flat. The

CMB carries with it a record of the conditions of the Universe at the point in

which neutral atoms formed, at which time the baryons became transparent to

photonic radiation. Therefore, oscillations in temperature in different parts of the

microwave sky tell us about the conditions in the universe close to the time of the
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Figure 1.3: Various reactions in standard BBN simulators to produce light iso-
topes during the big bang. [Bru11]

Big Bang. Recently NASA’s Wilkinson Microwave Anisotropy Probe (WMAP)

performed a precise mapping of these temperature anisotropies. This study led

to a measure of h and Ωb to unprecedented precision [Spe03]:

h = 0.705± 0.013 (1.1)

Ωbh
2 = 0.0227± 0.0006 (1.2)

The baryonic density parameter is more commonly expressed as η, the baryon

to photon ratio (η = 6.2± 0.2× 10−10.

1.2.2 Star birth

In the interstellar medium, there exist giant clouds of molecular hydrogen and

helium. Typically the cores of these clouds tend to be very cold (≈ 10 K).

However, if gravitational collapse is triggered (often by a shock wave from a nearby

nova or supernovae), the temperature will begin to rise due to the conversion of
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Figure 1.4: Hertzsprung-Russell (HR) diagrams are plots of a stars luminosity
(light output) or mass as a function of its temperature. This HR diagram demon-
strates the evolution of a star in 5 stages. (1) The star begins as a molecular
cloud of hydrogen and helium. (2) The cloud collapses into protostar. (3) Star
is undergoing hydrogen fusion in the core and is now a main sequence star. (4)
Hydrogen shell burning forces the start to expand into a Red Giant. (5) The star
sheds its outer layers and forms a white dwarf. Figure taken from [Wiki]

gravitational potential energy into thermal energy. Initially most of this heat is

lost as radiation, but once the cloud becomes dense enough to become opaque to

radiation (now called a protostar), the temperature will rise rapidly.

After this gravitational collapse is triggered, the protostar will continue to

contract and heat. Once the core region of this star becomes dense and hot

enough (≈ 106 K) the kinetic energy of the hydrogen and helium nuclei are such

that they can overcome the Coulomb barrier. This enables fusion reactions to

occur, releasing a huge amount of energy. The radiation pressure in the core is

sufficient to balance the inward force of gravity and the star reaches hydrostatic
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equilibrium. At this point the star is considered to be on the Main Sequence where

it spends the majority of its life. Figure 1.4 shows a simplified Hertzsprung-Russell

(HR) diagram demonstrating the evolution of a star. HR diagrams are plots of a

star’s luminosity (light output) or mass as a function of its temperature and are

a useful tool for astrophysicists to display and interpret observations.

1.2.3 Hydrogen burning

While a star is on the main sequence, the thermonuclear reactions that provide

most of its power in the core are part of the proton-proton chain (pp chain). This

chain occurs in 3 stages:

1
1H+1

1H → 2
1H + e+ + νe

2
1H+1

1H → 3
2He+ γ

3
2He+

3
2He→ 4

2He+ p+ p

An alternative path exists for the conversion of hydrogen into helium called

the CNO cycle. Here carbon, nitrogen, and oxygen are used as the catalysts for

the fusion reactions.

12
6 C+1

1H → 13
7 N + γ

13
7 N → 13

6 C + e+ + νe

13
6 C+1

1H → 14
7 N + γ

14
7 N+1

1H → 15
8 O + γ

15
8 O → 15

7 N + e+ + νe

15
7 N+1

1H → 12
6 C+4

2He

The energy output from this reaction cycle is much more strongly dependent

on temperature than the pp chain. With T6 being the temperature in MK, the

CNO energy output scales as T 19.9
6 rather than T 4

6 as is the case for the pp chain.

However, as the protostar must have been previously enriched in CNO nuclei for
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this cycle to be possible, so that the pp chain is still the dominating reaction for

most main sequence stars. For very massive stars, the CNO cycle is the primary

mechanism for fusion in the core.

1.2.4 Later Evolution

Eventually a star’s hydrogen fuel will be exhausted in the core. When this hap-

pens, a layer of hydrogen around the core will ignite and burn its way outward,

depositing more helium ash onto the core. This shell burning causes the core to

contract and heat up. At this point, the hydrogen burning shell begins heating

the outer layers of the star causing them to expand. This is called the red giant

phase. Once the temperature reaches ≈ 108 K, helium burning starts in the core

through the triple alpha process, converting the helium into carbon.

4
2He+

4
2He→ 8

4Be+ γ

8
4Be+

4
2He→ 12

6 C + γ

If the star has a mass on the order of 1 solar mass or greater, once the helium

in the core has been exhausted, the core contracts again and a similar envelope

of expansion occurs as with the red giant phase. The star has entered into its

Asymptotic Giant Branch (AGB) stage and will undergo a period of intermittent

hydrogen shell burning and helium shell burning. Eventually though, the outer

layers are thrown off into the interstellar medium and what remains is a dense

degenerate star called a white dwarf, composed mostly of carbon and oxygen. A

degenerate system is one in which the electrons are forced into the lowest energy

levels, getting stacked into progressively higher and higher levels. In degenerate

stars, the pressure opposing gravity is primarily due to the Pauli-Exclusion prin-

ciple instead of thermal pressure described by the ideal gas law. It should be kept

in mind though that a white dwarf is not truly a star since all nuclear reactions

have ceased.
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Figure 1.5: Each layer of this star represents a layer of fusion burning that can
occur for very massive stars. (The hydrogen layer burns into helium, the helium
layer burns into carbon, etc). [Wiki]

Heavier stars can undergo even further conversions similar to the triple alpha

process before becoming white dwarfs. These later stages convert carbon, oxygen,

and for heavier stars even silicon into heavier elements. Figure 1.5 demonstrates

the various burning layers that very heavy stars can achieve. However, once the

core becomes primarily composed of Fe ash, fusion will cease, as fusion would

no longer be energetically favorable due to the high binding energy per nucleon

of Fe. Particularly massive stars can undergo a violent ending to their lives as

supernovae (with cores 1.4 solar masses), distributing heavy elements into the

interstellar medium to become components of new stars.
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Figure 1.6: When a star overflows its Roche Lobe the matter is no longer bound
to the star, thus enabling the accretion of matter onto the white dwarf. [Wiki]

1.2.5 Novae

Viewing the universe from earth, it is tempting to conclude that single stars

like the Sun are typical. However, roughly half of all stars are actually systems

of multiple stars, occurring often in binary systems. In some of these binary

systems, one of the stars is a white dwarf. Often the stars’ gravitational fields

overlap, and one star will accumulate hydrogen and/or helium gradually from its

companion star. This matter accretes in a thin layer on the surface of the white

dwarf. At low temperatures the equation of state at the surface of the white dwarf

is degenerate and the pressure is essentially independent of the temperature.

As matter is deposited and compressed on the surface of the white dwarf,

the temperature in this accumulating layer rises. Thermonuclear reactions can

be ignited in degenerate matter as the energy of the particles becomes sufficient

to overcome the Coulomb barrier. These reactions can cause a thermonuclear
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runaway, with the temperature rising until it is sufficient to break the degeneracy,

thus increasing the pressure. This pressure blows off the hot burning surface layer,

and this sudden explosive burst is called a nova. The typical total energy output

from a nova is on the order of 1045 erg, a trillion times more energy than the Sun

produces each second. Even though the energy output is large, the white dwarf

only ejects about 10−4 of its mass so nova do not usually destroy the white dwarf.

At this point ,the white dwarf usually begins to accrete matter again, making this

process cyclic in nature. [Ost07]

1.3 Form of Dissertation

This dissertation is comprised of three measurements done to help understand

the origins of different elements. Calculations for post Big Bang 7Li abundances

differ from abundances extrapolated from observations by almost a factor of 4

[Spe03]. Primordial 7Li is believed to be mostly produced by the beta decay of

7Be. One of the proposed solution to this discrepancy is a resonant enhancement

of the 7Be(d, p)2α reaction rate through the 5/2+ 16.7-MeV state in 9B [Cyb08].

The 2H(7Be,d)7Be reaction was used to search for such a resonance.

It is believed that 19F is formed in Asymptotic Giant Branch stars, which are

stars with inert carbon cores with a shell of helium burning and a shell of hydrogen

burning. However the observed abundances of this nucleus are not reproduced

by current models [Lug04]. 15N(α, γ) is believed to be the primary mechanism

for the creation of 19F. The magnitude of the 15N(n, γ) reaction rate is important

because it would directly affect the 15N(α, γ) reaction rate by removing 15N from

the system. This rate depends directly on the neutron spectroscopic factors of

low-lying 16N levels. Currently measured spectroscopic factors and those expected

from theory differ by a factor of 2 [Mei96, Boh72, Lee07]. A study has been done
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to resolve this discrepancy using the 15N(d, p) reaction.

Gamma ray emission in novae is believed to be due to electron-positron an-

nihilation. It is believed that the positrons originate from the beta decay of

long-lived 18F (t1/2 ∼ 110 min.). However to date, gamma rays from this nucleus

have not been observed [Ber02, Koz06, Ser07]. A recent study by [Ade11] showed

that a state at 6.289-MeV, just below the proton threshold, could have a signifi-

cant impact on the 18F(p, α) reaction rate, a reaction believed to be responsible

for the destruction of 18F. In this measurement, the spin of this state could not

be determined. To determine the spin of this sub-threshold state, the 20Ne(p, d)

reaction was studied using a proton beam on a carbon foil implanted with 20Ne.

Although all are nuclear astrophysics measurements, the motivations and tech-

niques of each experiment of this dissertation are different. Rather than address

all theoretical and experimental needs for each experiment separately, the next

two chapters will be devoted to discussing the theoretical tools that allow exper-

imentalists to interpret their data, as well discuss the laboratory tools that make

such measurements possible. Following the instrumentation chapter, the indi-

vidual experiments will be discussed in separate chapters, each with their own

motivation and analysis. Finally, in the last chapter the results of these efforts

will be summarized and future goals for this research are presented.
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Chapter 2

Theory

Each of the measurements of this dissertation were nuclear physics reactions. In

each reaction, it is particle energies, cross sections, and angular distributions that

are actually measured. From these data, characteristics of nuclear states like the

spins or spectroscopic factors were determined. However, to make these deter-

minations, a theoretical frame work is needed to interpret the data. Specifically,

the goal of any reaction theory is to describe the transition of the system from an

initial state (particles a and A) to the final state (particles b and B) and to use

this description to derive expected cross sections. This chapter aims to describe

the theoretical nuclear models and tools used to interpret the results of the mea-

surements of this dissertation. However, since most each of the measurements

of this dissertation are motivated by a desire to improve models of astrophysical

reactions, we shall begin with a discussion of reaction rates, adopted from [Rol88].

2.1 Thermonuclear Reaction Rates

In stellar environments, nuclear material is synthesized when two or more nuclei

interact to form a new species. In order to create nucleosynthesis models, it is

necessary to understand the rates of the various reactions involved. In order to

calculate these reactions rates, the probability, or cross section, that the reaction

will occur needs to be known. Consider two particles with charges ZA and ZB,

masses mA and mB, and number densities NA and NB. With v defined as the
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relative velocity between these two particles and σ(v) giving the probability that

this reaction will occur, the reaction rate can is defined as

RAB = NANBvσ(v) (2.1)

For a star at temperature T , the relative velocity v varies over a large range

of values given by the Boltzmann distribution

φ(v) = 4πv2
( mr

2πkT

)3/2

exp

(
−mrv

2

2kT

)
(2.2)

where mr is the reduced mass. For simplicity one one pair of particles will be

considered now since reaction rates depend linearly on the number densities of A

and B. Remembering E = 1
2
mv2, the reaction rate can be written as

< σv >=

∫ ∞
0

φ(v)vσ(v)dv =

(
8

πmr

)1/2

(kT )−3/2

∫ ∞
0

Eσ(E)exp

(
− E

kT

)
dE.

(2.3)

So now it is necessary to come up with an expression for the cross section

σ(E). Nuclear interactions only occur over distances on the order of fm (10−15

m). However, the Coulomb force repelling the two particles acts over a much

longer distance. The distance of closest approach, rC , corresponds to the point

where the potential energy reaches that of the initial energy of the approaching

particle, E.

E =
ZAZBe

2

4πε0rC
(2.4)

Classically, fusion would only be possible if nucleons had enough energy to over-

come this Coulomb Barrier. EC (i.e. rC ≈ fm). For rC on the order fm, the

Coulomb Barrier is on the order of MeV. For most stellar environments, the aver-

age kinetic energy of the nuclei, kT is on the order of keV. However, according to

quantum mechanics, there is a probability to penetrate this Coulomb barrier by

quantum tunneling. This tunneling occurs with a characteristic energy-dependent

probability called the Penetrability, P` and is given by
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P` =
κr

F 2
` +G2

`

(2.5)

where κ is the wave number, r is the separation between A and B, and F` and G`

are the regular and irregular solutions to the Coulomb wavefunction for a given

relative orbital angular momentum `. For energies much lower than the Coulomb

barrier, this penetrability can be approximated as

P ≈ exp

[
−
(
EG
E

)1/2
]

(2.6)

Here EG is called the Gamow energy and is given by EG = (παZAZB)22mrc
2,

where α ≈ 1/137 is the fine structure constant.

The cross section for this reaction depends directly this penetrability, as well

a geometric factor 1/E to account for the “size” of the nucleus. Therefore the

cross section can be written as.

σ(E) = E−1exp

[
−
(
EG
E

)1/2
]
S(E) (2.7)

The term S(E) is known as the astrophysical S-factor and accounts for the specif-

ically nuclear effects that determine the reaction probability. Now with an ex-

pression for the cross section, the reaction rate can be written as

< σv >=

(
8

πmr

)1/2

(kT )−3/2

∫ ∞
0

S(E)exp

(
− E

kT
− EG
E1/2

)
dE. (2.8)

It is typically very difficult to measure the cross sections at astrophysical

energies (E ≈ keV). However, S(E) is a smooth slowly varying function of energy

when resonances aren’t present. As such, it is often the practice to measure

cross sections at higher energies, extract the S-factor, and then extrapolate this

factor to lower energies. As such the remainder of this chapter will be devoted to

deriving frameworks in which experimental cross sections can be determined.



18

2.2 Direct Reactions

Direct nuclear reactions (taking place over time ≈ 10−22 s) involve only a few

nucleons on the surface of the nucleus, or only the nucleus as a collective whole.

In these reactions the system goes from initial partition α (A+a) to partition

β (B+b) (often written as A(a,b)B) directly, meaning there is no intermediate

state in between. These tend to occur at higher energies since the reaction is

finished quickly and fewer internal collisions are possible. These reactions are

strongly influenced by the initial direction of the incoming particles; therefore the

cross sections will peaked at low θc.m.. It is the goal of this section to describe

a framework for modeling these reactions. Except where noted, the derivations

and notation are adapted from [Sat83].

2.2.1 Cross Sections

For initial partition α, the wave function ψα is given as the product of the internal

states of the two nuclei,

ψα(xα) ≡ ψa(xa)ψA(xA) (2.9)

where xi denotes the internal variables. The states ψi are the eigenfunctions of the

internal Hamiltonians Hi with corresponding eigenvalues εi with Hα = Ha + HA

and εα = εa + εA. The kinetic energy Eα can be expressed in terms of the total

energy E and the internal energies εα:

Eα = E − εα (2.10)

The total wave function Ψα for the system obeys the complete Schrödinger

equation (E − H)Ψα = 0, where H = Hα + Kα + Vα and Hα is the internal
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hamiltonians of partition α. Ψα can be expanded in terms of any complete set of

internal states of partition β:

Ψα =
∑
β

ξβ(rβ)ψβ(xβ). (2.11)

The coefficients ξβ are the projections of Ψα onto channels β, describing the

relative motion in the channel β. They should have the asymptotic form

ξβ(rβ) ∼ eikα·rαδαβ + fβα(k̂β,kα)
1

rβ
eikβrβ . (2.12)

Here ki is the wave number for the channel i and k̂i is a unit vector long ki.

This equation defines the scattering amplitude fβα as the amplitude of the out-

going spherical wave in channel β scattered from an incoming plane wave of unit

amplitude in channel α. If α = β, then fβα describes either elastic (fαα) or

inelastic (fα′α) reactions. Often a transition amplitude is used and is found by

re-normalizing the scattering amplitude.

Tβα = −2π~2

µβ
fβα (2.13)

where µβ is the reduced mass of partition β. So the differential cross section for

the transition α→ β is given by

dσβα
dΩ

=
µαµβ

(2π~2)2

(
kβ
kα

)
|Tβα(kβ,kα)|2 (2.14)

An expression for the transition amplitude can be obtained from the Schrödinger

equation using the appropriate form of H,

(E −Hβ −Kβ)Ψα = VβΨα (2.15)

and projecting onto the β channel. This is done by multiplying the above equation

from the left by ψ∗β(xβ) and integrating over xβ yielding an equation for ξβ
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(Eβ −Kβ)ξβ(rβ) = (ψβ|Vβ|Ψα) =

∫
ψ∗β(xβ)Vβ(rβ, xβ)Ψαdxβ. (2.16)

It should be noted that projections using parentheses like the equation above

imply an integration only over the internal variables x, but the use of bra and

ket (i.e. 〈|〉 implies an integration over all variables. This is the notation adopted

from [Sat83] and I will be consistent with his methods. Equation 2.16 remains a

function of rβ, but it may be solved formally using Green’s function techniques:

ξβ(rβ) = eikα·rαδαβ −
( µβ

2π~2

)∫ eikβ |rβ−r
′
β |

|rβ − r′β|
(ψβ|Vβ|Ψα)dxβ (2.17)

In the limit of rβ � r′β, |rβ − r′β| ≈ rβ − k̂ · r′β. Using equation 2.12. the

transition amplitude becomes

Tβα(kβ,kα) =

∫ ∫
eikβ ·r

′
βψ∗β(xβ)Vβ(xβ, r

′
β)Ψα(kα)dxβdr

′
β =

〈
eikβ ·r

′
β |Vβ|Ψα(kα)

〉
.

(2.18)

2.2.2 Distorted Wave Born Approximation

Equation 2.18 does not provide a practical solution of the scattering problem, as it

still involves a currently unknown total wave function Ψ. An auxiliary potential

can be introduced that will not change the internal states of the β partition

because it only depends on the channel radius rβ. This implies,

[Eβ −Kβ − Uβ(rβ)]ξβ(rβ) = (ψ|Wβ|Ψα) (2.19)

where Wβ is the residual interaction and is given by Wβ = Vβ(xβ, rβ) − Uβ(rβ).

Although the choice of Uβ is arbitrary in principle, it is often chosen such that

it includes a large part of the average of Vβ. Doing so ensures that Wβ is small
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and can be treated as a perturbation. In fact, Uβ is often chosen to be complex

so that absorption effects can be taken into account. If the auxiliary potential

is chosen such that Uβ(rβ) = (ψβ|Vβ|ψβ), then the formal solution to the above

equation can be expressed in terms of the homogeneous equation

[Eβ −Kβ − Uβ(rβ)]χ
(+)
β (kβ, rβ) = 0 (2.20)

These χ
(+)
β are the distorted waves and describe the elastic scattering of b

on B due to the potential Uβ. The time inverse of these functions (χ
(−)
β (k, r) =

χ
(+)∗
β (−k, r)) are also needed. They are solutions to the equation

[Eβ −Kβ − U∗β(rβ)]χ
(−)
β (kβ, rβ) = 0. (2.21)

Utilizing Green’s function techniques, the transition amplitude takes the form

Tβα(kβ, rβ) = T
(0)
βα (kβ, rβ)δαβ +

〈
χ

(−)
β (kβ)ψβ|Wβ|Ψα(kα)

〉
=

T
(0)
βα (kβ, rβ)δαβ +∫ ∫

χ
(−)∗
β (kβ, rβ)ψ∗β(xβ)[Vβ(xβ, rβ)− Uβ(rβ)]Ψα(kα)dxβdrβ (2.22)

So far these forms provide what are called post representations of the transition

amplitude because it is the interaction Vβ or Wβ in the final channel that appears.

Equations governing nuclear structure are believed to be time-invariant so that

the transition amplitude for the reaction A(a, b)B should be the same as that for

B(b, a)A up to a phase factor. All these equations could have been derived in

the prior representations with the potentials Vβ or Wβ describing the entrance

channel. This is important because in the prior representation, the equivalent to

equation 3.12 would generate distorted waves for the entrance channel χ
(+)
α (kα)
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Ψα is expanded in a Born series, and the first term (the elastic part) is assumed

to be the most important part. The total wave function can then be approximated

as:

Ψ(+)
α ≈ χ(+)

α (rα)ψ(xα) (2.23)

Therefore the transition amplitude can be expressed as

Tβα(kβ,kα) =
〈
χ

(−)
β (kβ)ψβ|W |χ(+)

α (kα)ψα

〉
=∫ ∫

χ
(−)∗
β (kβ, rβ)(ψβ|W |ψα)χ

(+)
α (kα, rα)drαdrβ (2.24)

and consequently the differential cross section can be expressed as:

dσDWBA
βα

dΩ
=

µαµβ
(2π~2)2

kβ
kα

|Tβα|2

(2JA + 1)(2Jα + 1)
(2.25)

where Ji represents the total angular momenta of state i,

The challenge is to select an appropriate auxiliary potential, hopefully one

that gives the best fits to experimental cross sections. Often these potentials

have negative, imaginary components to account for the fact that there are more

reactions occurring than are dealt with using these models. These reactions serve

to remove flux from the elastic scattering channel. Potentials of this form are

called optical model potentials, since they describe both refraction and absorption

in the same way as light passing through a refracting medium.

Typically optical model potentials are given in the Woods-Saxon formulation:

U(r) = Vc − V (1 + ex0)−1 +
(

~
mπc

)2

Vso(l · s)1
r
d
dr

(1 + exso)−1 −

i[W (1 + exW )−1 − 4WD
d

dxD
(1 + exD)−1] (2.26)

where

Vc = ZZ ′e2/r, r ≥ Rc or Vc = (ZZ ′e2/2Rc)(3− r2/R2
c), r < Rc
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Rc = rcA
1/3

xi = (r − riA1/3)/ai(
~

mπc

)2

= 2.00 fm2

Here VC , V, Vso,W , and WD describe the Coulomb, real volume, spin-orbit,

and imaginary volume and surface potentials. Typically elastic scattering mea-

surements are used to determine the values of these optical model parameters.

Here it is important to remember that the optical model potential should act

as an average interaction. Thus, it should vary slowly with changing mass (A),

atomic number (Z), and energy (E). Several studies, such as [Loh74] and [Per76],

have determined relationships between the parameters and the values of A, Z,

and E. This is convenient for situations where the elastic scattering has not been

measured. However, these global parameters assume that the nucleus is spherical

in shape. For many nuclei (as is the case for 20Ne), this assumption is not valid so

optical model parameters specific for these nuclei have to be determined [Bar67].

2.2.3 Spectroscopic Factors

In equation 2.24, the term (ψβ|W |ψα) contains the nuclear structure information.

The present discussion will be restricted to the specific case of transfer reactions.

Therefore, this term can be rewritten as (ψaψA|W |ψbψB). Consider the case of

one nucleon transfer and the decomposition B → A + x (and b → a + x). It is

convenient to introduce the internal coordinates for nucleus i, ζi. The residual

interaction in the post form can then be written as

Wβ ≡ VbB − Uβ = VxA(rxA, ζx, ζA) + VbA(rbA, ζb, ζA)− Uβ(rβ, ζb, ζB). (2.27)

The different terms in this expression might excite their corresponding nuclei, but

typically these excitations can be neglected. If internal excitations are neglected,
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then W commutes with ψA and ψa Then (ψaψA|W |ψbψB) reduces to the product

of W and the overlap functions (ψB, ψA) and (ψb, ψa). The overlap functions

φji = (ψi, ψj) represent the projections of the state i onto the state j. Now it

is useful to define a spectroscopic factor, S`j, as the norm of the square of the

overlap function,

S`j(A, x|B) =

∫
|φBA`j|2drxAdζ (2.28)

The spectroscopic factor can be interpreted as the probability that the state

B is a composition of state A plus the nucleon x, each with their corresponding

angular momenta. In other words, it tells how the state B acts like an inert

core with the valence nucleon x determining the properties of the nucleus. If

φ is decomposed into its radial (RB
Alj(rxA)) and angular components, then the

equation for the spectroscopic factor can be integrated over ζ and the angular

components. This leaves,

S`j(A, x|B) =

∫
|RB

A`j(rxA)|2r2
xAdrxA. (2.29)

Sometimes the isospin Clebsch-Gordon coefficient is combined with the spectro-

scopic factor as the product C2S. Looking at equations 2.24 and 2.28, it is clear

that the transition element is also proportional to the overlap functions. The

cross section is proportional to the square of the DWBA transition amplitude.

This in turn is proportional to the overlap functions, the squared-norm of which

define spectroscopic factors. Therefore, it can be shown that

dσ

dΩ

exp

∝
∑

`A`BjAjB

S`BjB(A, x|B)S`ajA(b, x|a)σDW`BjB`AjA (2.30)

The shape of the distribution is very sensitive to the orbital angular momentum

` of the transferred nucleon.
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Extracting spectroscopic factors from data traditionally is done using a ratio

of cross sections

dσexp

dΩ
= Sexp

2Jb + 1

2JB + 1

dσDWBA

dΩ
(2.31)

Spectroscopic factors determined from an experiment are model dependent. Spec-

troscopic factors depend upon the optical model parameters used in the DWBA

calculations [Nun09].

Many codes exists to perform transfer reaction calculations. The present study

utilized TWOFNR to interpret the data [Igar]. TWOFNR is a DWBA code writ-

ten in FORTRAN that uses the Woods-Saxon form for the optical model potential.

This code allows the user to either input their own optical model parameters or

use a global set, such as Perey [Per76]. For the 15N(d, p) measurement the global

parameters of Perey were well suited for the DWBA calculations.

2.3 R-matrix Theory

DWBA theory assumes that the reaction is direct, i.e. the reaction progresses

directly from state α to state β. In many circumstances, however, there is an

intermediate state populated called a compound nucleus and a different method of

describing the reaction is needed. Discrete states exist in the compound nucleus,

and as such the cross section is enhanced when the energy of the initial system

matches that of the physical state. The energy at which this enhancement occurs

is the resonance energy and corresponds to the energy of the compound nuclear

state. These resonances have a particular strength and width that are physical

quantities, regardless of what formalism is used to describe them. The parameters

γλc are called the reduced widths and the observed width (Γ) can be expressed in

terms of these using the relation
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Γλc(E) = 2Pc(E)
γ2
λc

(1 + γ2
λcS

′(ER))
. (2.32)

where S ′(E) is the is the Coulomb shift function defined in Lane and Thomas

[Lan58].

Therefore, the final cross section can be described in terms of an observed

experimental width and the internal eigenstate which depends on the channel

radius and boundary conditions. When the width of the resonance is much smaller

than the level spacing [Bet37], the cross section can be expressed as

σαα′ =
π

k2
α

∑
Jsls′l′

gJ

∣∣∣∣∣∑
λ

Γ
1/2
λc Γ

1/2
λc′

Eλ + ∆λ − E − i
2
Γλ

∣∣∣∣∣
2

. (2.33)

R-matrix theory is a powerful tool of quantum physics whose main aim is to

describe scattering states resulting from the interaction of nuclei. It involves pa-

rameterizing space into two regions: the internal region and the external region.

The boundary between these two is defined by a parameter called the channel

radius, ac. It is defined in such a way that the only forces acting in the exter-

nal region are long range forces, such as the electromagnetic interaction. On the

other hand, the internal region contains the short-range nuclear interactions. The

scattering wave function is approximated by its asymptotic form. Since the in-

ternal region is confined, its eigenstates form a discrete basis and the scattering

wave function is expanded over these eigenstates. The R-matrix is the part of

the expansion of the collision matrix that accounts for all the interactions within

the nucleus and is the inverse of the logarithmic derivative of the wave function

at the boundary.

Certain assumptions are at the core of R-matrix theory. (i) Non-relativistic

quantum mechanics must be applicable to the reaction, though this is common

among many theories in low energy nuclear physics. This assumption is justified
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by the fact that kinetic energies inside nuclei are much smaller than the rest

energy of the nucleons. (ii) The processes involved in this measurement do not

lead to the production of more than two nuclei. Therefore it would not be readily

applicable to a reaction in which three-body forces are important. (iii) There

are no important processes involved that lead to the creation or destruction of

particles, though the main effect of this assumption is to exclude photons. The

following discussion is adapted from [Lan58, Rui03, Bet37].

As with most theories, the R-matrix aims to solve the radial Schrödinger

equation, both in the internal and external regions.

− ~2

2m

d2ψ

dr2
+ V (r) = Eψ (2.34)

To represent the wavefunction, a set of stationary states are used:

Ψ =
∑
λ

AλXλ (2.35)

where the coefficients Aλ are of the form

Aλ =

∫
V

XλΨdV (2.36)

These stationary states satisfy the Hamiltonian HXλ = EλXλ, where Xλ are

the eigenvectors of corresponding eigenvalues Eλ. To make sure that these states

relate directly to the actual quasi-bound states at the nuclear surface r = ac, a

boundary constant, b, is introduced which gives the boundary condition

dXλ

dr
+ bXλ|r=ac = 0 (2.37)

By substitution and integration the following is obtained:

− ~2

2m

(
Ψ
dXλ

dr
+Xλ

dΨ

dr

)
r=ac

= (E − Eλ)
∫ ac

0

XλΨdr (2.38)
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which then, using the earlier definition of Aλ, leads to

Aλ = − ~2

2m
Xλ(ac)

Ψ′(ac) + bΨ(ac)

E − Eλ
(2.39)

Now the Ψ(r) can be written as

Ψ(r) = G(r, ac)(Ψ
′(ac) + bΨ(ac)) (2.40)

where G(r, ac) is the Green’s function and is given by:

G(r, ac) = − ~2

2m

∑
λ

Xλ(r)Xλ(ac)

Eλ − E
. (2.41)

The R-function is defined as the value of the Green’s function at r = ac.

R ≡ G(a, a) = − ~2

2m

∑
λ

X2
λ(ac)

Eλ − E
(2.42)

To simplify the expression, a new parameter is introduced, γλ, such that γ2
λ =

~2
2m
|Xλ|2. The R-function then becomes

R =
∑
λ

γ2
λ

E − Eλ
(2.43)

The R-function provides a convenient way to express the logarithmic derivative

of the wave function at the nuclear surface, which will be useful later.

Ψ′(a)

Ψ(a)
=

(1− bR)

R
(2.44)

The total wave function in the external region can be written as the superpo-

sition of the incoming (I) and outgoing waves (O):

Ψ` = I` − U`O` (2.45)

where the index ` denotes the incident orbital angular momentum of the system

and U` is the collision function. It is useful to consider U` as the amplitude of

the unit-flux outgoing wave O`, which is associated with a unit-flux incoming

wave I`. The incident and outgoing waves can be expressed in terms of the
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regular and irregular Coulomb functions F` and G` and the Coulomb phase shift

w` =
∑`

n=1 tan
−1(n`

n
) by

I` = (G` − iF`)eiw` (2.46)

O` = (G` + iF`)e
−iw` (2.47)

Now we are able to construct the nuclear scattering amplitude A as well as

the differential cross section dσ
dΩ

:

A(θ) =
1

2
ik−1

∣∣∣∣∣∑
`

(2`+ 1)(1− U`)Pl(cosθ)

∣∣∣∣∣
2

(2.48)

dσ(θ)

dΩ
= |A(θ)|2 =

1

4
k−2

∣∣∣∣∣∑
`

(2`+ 1)(1− U`)P`(cosθ)

∣∣∣∣∣
2

(2.49)

where P` represent the standard Legendre polynomials.

We can express the collision function U` in terms of the R-function by utilizing

the boundary conditions and equating the logarithmic derivatives of the internal

and external wave functions at the nuclear surface (r = ac). Then U` can be

expressed in terms of a phase shift, δe

:

U` = e2iδ` (2.50)

where

δ` = tan−1

(
p`R`

1−R`S`

)
− φ` (2.51)

Here φ`, p`, and S` are the hard-sphere phase shift, penetrability, and energy shift

function, respectively and can be found in [Lan58].
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In many cases there are usually multiple states and channels open and multiple

combinations of spin that contribute to the formation of states of different spin-

parity. The collision function and R-function then become the collision matrix

and R-matrix with indices c = [αsν`m] which represent the channel, channel

spin, channel spin component, orbital angular momentum, and orbital angular

momentum component. The derivation for cross section for this more complicated

case is similar so here the results will be summarized. A more complete derivation

can be found in [Lan58].

Rcc′ =
∑
λ

γλcγλc′

Eλ − E
(2.52)

Ucc′ =

(
kcrc
kc′rc′

)1/2
(1−RL∗c)Ic′
Oc(1−RL)

(2.53)

with Lc ≡ Sc−Bc+ iPc, with Bc being the matrix form of the boundary constant.
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Chapter 3

Experimental Tools

Nuclear physics is largely the study of nuclear interactions. This means that for a

given reaction, scientists need to both understand the properties of the particles

going into the reaction and of those that come out. Typically there is a great deal

of control over what goes into the reaction, but detecting the outgoing particles

can be trickier. Experimentalists have many tools at their disposal to detect

the particles of interest. However, it may first make sense to begin with the

production of the beams themselves. In this chapter I will first describe how the

beams are created for the experiment. Next I will describe the various detectors

used for the measurements of this dissertation, as well as describe how these types

of detectors function.

3.1 Beam Production

One of the most important aspects of an experiment is the creation of the beam,

without which the measurement is not possible. The beams for each of these mea-

surements were created using the cesium ion source at the Holifield Radioactive

Ion Beam Facility (HRIBF) at Oak Ridge National Laboratory (ORNL). Figure

3.1 shows a schematic of how the source works. Cesium is heated in an oven to

create cesium vapor which fills an enclosed area between the cooled cathode and

the heated ionizing surface of the source material. The cesium can condense on

the front of the cathode or become ionized by the hot surface. This ionized cesium
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Figure 3.1: A schematic demonstrating how a cesium ion source works.

accelerates towards the cathode, sputtering particles from the cathode through

the condensed cesium layer. After passing through the cesium, these particles are

negatively charged. These negative ions are then injected into the 25-MV tandem

accelerator.

The negatively charged ions are accelerated up the tandem to the positively

charged terminal. At the top the beam passes through a carbon foil which strips

several electrons, leaving the ion positively charged. The beam is then accelerated

down the high-energy side of the tandem to reach its full energy. If particularly

high energies are needed, it is possible to strip the ions again with another foil

placed about a third of the way down the tandem. This increases the net charge

of the ion and thus increases the force it feels, allowing higher energies to be

achieved. Once the beam reaches full energy, it is delivered to the target station.
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3.2 Detectors

When detecting particles, the important quantities to measure are the angles at

which a given particle left the nucleus, its energy, atomic number, and mass.

These values enable the experimentalist to determine what reaction occurred and

where all of the energy and momentum in the reaction went. Determining the

angle is relatively simple since all that is required is to set the detector(s) at the

angle(s) you wish to cover. To determine the energy, you need to ensure that

the response of the detector is proportional to the energy deposited. Determining

the mass and atomic number (i.e. particle identification) can be accomplished

through a variety of ways. Multiple detectors could be placed in the particle’s

path. Since the amount of energy a particle loses as it travels through matter

is a function of its mass and atomic number as well as its energy, comparing

the energy deposited in each layer to the total energy is one way of separating

different species. The types of detectors and techniques used are determined by

the requirements of the measurement.

3.2.1 Semiconductor Detectors

Silicon semiconductors are crystalline materials whose outer shell atomic levels

exhibit an energy band structure. This band structure consists of a valence band

in which the electrons are confined to their atoms, a conduction band in which

the electrons are free to move along the crystalline structure, and an energy gap

in between. The reason that semiconductors make better detectors than many

other materials is that at room temperature thermal energies would not be enough

to excite many of the electrons from the valence band into the conduction band.

However, relatively low energy particles (such as 200 keV protons) interacting with

the material could induce a measurable current. As the electrons get excited, a
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hole is created in the valence band which acts as a positive charge carrier. The

measured current is actually a product of both sources: the movement of free

electrons in the conduction band and the movement of holes in the valence band.

Often semiconductors are doped with impurities that bring extra electrons that

are free to roam about the conduction band (n-type) or with extra“holes” that

are free to roam about the valence band (p-type). All present day semiconductor

detectors depend on the formation of a junction, formed by the juxtaposition of

a p-type semiconductor and an n-type semiconductor. The free electrons from

the n-type material drift across the gap to fill in the holes in the p-type material,

creating a net negative charge in the p-type material and leaving a net positive

charge in the n-type material. This separation of charges creates an electric

field which sweeps out the electron-hole pairs created by radiation entering the

detector. Generally this volume is confined near the junction, but by applying

a reverse bias (negative voltage to the p-side and positive voltage to the n-side)

the effective volume of this zone can be enhanced. Contacts on either end of the

junction device will allow the current to be measured, giving information about

the energy deposited by the particle. In these measurements a variety of silicon

detectors were used and will be discussed below.

SIDAR

For both the 20Ne(p, d) and the 15N(d, p) experiments, the SIlicon Detector ARray

SIDAR was used to detect the outgoing particles [Bar99]. SIDAR consists of

Micron Semiconductor YY1 wedges with 16 0.5-cm annular strips per wedge that

have an inner radius of 5 cm and an outer radius of 13 cm. This array can

either be mounted flat, in which case 8 wedges are required to complete the array,

or in a lampshade geometry, requiring only 6 wedges (see Figure 3.2). Both

configurations have their advantages. In its lampshade mode, SIDAR is tilted
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(a) (b)

Figure 3.2: (a) The SIDAR silicon detector array in its flat mode, consisting
of 8 YY1 detectors. (b) The SIDAR silicon detector array in its lampshade
configuration, consisting of 6 YY1 detectors. [Bar11]

towards the target so it covers a larger solid angle. However, doing so results

in each strip having a larger angular width which corresponds to a lower energy

resolution [Bar99].

MINI

MINI was implemented in the 7Be+d measurement to detect the elastically scat-

tered deuterons. It is an S1-style 300-micron thick silicon detector also from

Micron Semiconductor. MINI is a smaller annular detector consisting of 4 quad-

rants of 16 1.5-mm strips with an inner radius 2.4 cm and an our radius of 4.8

cm (see Figure 3.3). In practice, MINI has an intrinsic energy resolution of ≈ 60

keV for a 5.8 MeV alpha particle.

ORRUBA

In recent years, a new detector array has been developed, called the Oak Ridge

Rutgers University Barrel Array (ORRUBA), shown in Figure 3.4 [Pai07]. The

motivation for its development came from a growing interest in experiments with
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Figure 3.3: The MINI detector, an S1-style silicon detector developed by Micron
Semiconductor. [Bar11]

beams of unstable nuclei. Due to their short half-lives, doing experiments the

traditional way with heavy targets is difficult. However, in inverse kinematics

(heavy beam on a light target) the reaction can occur before the heavy nuclei in

the beam decay. In these cases the center of mass frame and the laboratory frame

are no longer approximately the same, as is the usual case for low energy nuclear

experiments with light beams on heavy targets.

Transfer reactions with low angular momentum transfer tend to be sharply

peaked at forward center of mass angles, which corresponds to backward labo-

ratory angles. However, the (d, p) angular distributions in the laboratory frame

are shaped differently. As is evident in Figure 3.5, the angular distributions are

spread over a larger angular range and are now peaked at more forward labora-

tory angles, near θlab = 120◦. With the relatively low beam intensities available

for radioactive ion beams, it is important to cover as much of the solid angle as

possible. For this reason ORRUBA was developed since detectors like MINI and

SIDAR are not suited for covering this angular region.

ORRUBA consists of two rings of silicon detectors. The full array covers
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(a)

(b)

Figure 3.4: (a) A diagram of one of the ORRUBA detectors. It is a silicon
detector comprised of 4 resistive strips, each 7.5 cm long and 1 cm wide. (b)
Fully assembled ORRUBA covering 80% of the azimuthal angular range. [Pai11]

θlab = 45◦−135◦ and about 80% of the azimuthal angle. Each ORRUBA detector

is comprised of 4 resistive strips of silicon, with an active area 7.5 cm long and 1

cm wide. When a charged particle interacts with a strip, the induced charge is

read out on each end of the strip. Since the resistance is constant per unit length

for these strips, the difference in the charge measured by each end can be used

to determine the position of the interaction. In practice the position resolution

is a function of energy, but generally it is < 2 mm. Figure 3.6 shows a plot of

position resolution as a function of energy deposited in ORRUBA. These data
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Figure 3.5: TWOFNR calculations of differential cross sections as a function
of laboratory angle for the 15N(d, p) reaction with E15N = 100 MeV. Note how
the differential cross sections peak around θlab = 120◦. The different curves
correspond to different excited states in 16N.

were primarily taken from elastic scattering of protons from a gold target. The

two curves represent a different offset-resister placed between the strip and the

preamplifier. The important thing to note though is the overall dependence of

position resolution on energy. The point at 5.8 MeV was acquired using an alpha

source. In an ideal situation, ORRUBA’s intrinsic energy resolution is around 60

keV, as with MINI. In practice however, ORRUBA typically achieves an energy

resolution of ≈ 100 keV.

Due to the fact that the strips are resistive, the position of the particle inter-

acting with the detector can be determined. When a particle deposits energy in

an ORRUBA strip, the signal is read out at both ends of the strip. The way in

which the signal splits between ends depends on the resistance between where the

event occurred and each end. Since the resistance per unit length of each strip
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Figure 3.6: Position resolution of ORRUBA as a function of the energy deposited.
These data are for protons elastically scattered from a gold target. The point at
5.8 MeV was obtained using an alpha source. See text for more details.

is constant, the further away the event occurred from an end the more resistance

it “sees” to that end. In this way, the closer end will see a stronger signal than

a further one. The stronger end is called hi and the lower end is called lo. Note

that we know which end corresponds to the hi signal. The position is calculated

using:

pos =
hi− lo
hi+ lo

(3.1)

If pos is close to 0, then the event occurred near the center of the strip. If pos

is close to 1, then the event occurred near the hi end of the strip. As is clear by

this equation, 0 ≤ pos ≤ 1, where pos is then calibrated to represent the length

of the strip (75 mm) using an alpha source which should illuminate the entire

strip. The length of the alpha line in the Energy vs Position plots (see Figure

3.7) represents the length of the strip. The position is then converted into θlab.
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Figure 3.7: The energy measured by one ORRUBA strip plotted against the
position for the 5.8 MeV alpha source.

3.2.2 Ionization Chamber

Often, especially when doing experiments in inverse kinematics with heavy beams,

the beam is contaminated by an isotope with the same mass and charge. In

principle, all species in a “cocktail” beam can interact with the target and produce

the same outgoing particles. It is important to be able to separate the events that

were induced by each beam species. The best way to do this in most cases is to

detect the heavy recoils from the target and separate the species. In the case of

the 7Be+d study, this separation was accomplished by the use of an ionization

chamber.

A segmented, gas-filled ionization chamber was used where the energy de-

posited by the particle leads to ionization of the gas within. Electrodes parallel to

the particle’s path collect the ionization charges. By applying an external electric
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field across the electrodes, the ionized electrons are swept towards the segmented

anodes. The remaining ions in the gas are swept towards the cathode. The pres-

sure of the gas is set high enough that the beam-like recoils are stopped within

the detector volume, but low enough that the particles completely pass through

the first anode. The gas chosen for the ionization chamber was tetrafluromethane

(CF4) since the drift velocity of electrons in this gas is relatively fast. Faster drift

velocities mean that the ionization chamber can handle a higher beam intensity.

Currently this chamber can handle beams with currents < 1 × 105 particles per

second.

The ionization chamber is able to separate the different nuclei in the beam is

because the stopping power of the gas is strongly dependent on the beam species.

The famous Bethe-Bloch formula shows the dependence of the stopping power on

the atomic number(z) and mass (m0) of the beam:

−dE
dx

=
4πe4z2

m0v2
NaZ

[
ln

(
2γ2m0v

2

I

)
− β2

]
(3.2)

where v is the velocity of the incident particle, Na is Avogadro’s number, Z is the

atomic number of the absorbing material, I is the mean excitation potential, and

β = v/c [Leo87].

All of the energy is not deposited in the first anode of the ionization chamber.

Equation 3.2 shows that particles with the same energy but different nuclear

charge, as in the case of the beam contaminants in these experiments, will deposit

different amounts of energy in the first region. So particle identification can be

achieved by comparing the energy lost in the anode region to the total energy

of the particle. Figure 3.8 shows an example of this separation achieved in the

7Be+d experiment. In the case of the 7Be beam, the ionization chamber was used

to monitor the intensity of the beam current as well as verify beam purity.
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Figure 3.8: (a) Ion counter spectrum of energy loss as a function of total energy
of the A=7 beam stripped to charge state 1+. Note the presence of the 7Li
contamination. (b) Ion counter spectrum of beam stripped to charge state 4+,
indicating a pure 7Be beam.

3.3 Electronics

Each of these detectors output a current signal that is proportional to the energy

and needs to be recorded. For each of the measurements discussed in this dis-

sertation, the pulse-shaping and digitizing electronics used to store the detector

pulse heights were nearly identical. For the sake of brevity let us focus on the

7Be+d study. Figure 3.9 shows a schematic of the electronics used in this mea-

surement. Rather than cover every detail, a few of the important points to note

will be covered.

The trigger for the data acquisition was a combination of logic signals from

a hit in the silicon detectors (MINI in this case). The ionization chamber can

handle event rates of up to 105 events per second, but the acquisition system
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Figure 3.9: A schematic of the electronics used for the 7Be+d measurement.

can not. When including the ionization chamber in the trigger, it was necessary

to implement a prescaler that outputs a logic pulse for every 29 events in the

ionization chamber. The detector signals themselves were amplified in shaping

amplifiers and then put through an analog-to-digital converter (ADC) to trans-

form the signal pulse height into a form that the data acquisition (VME) can

interpret.
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Chapter 4

Search for a resonant enhancement of the 7Be+d

reaction and primordial 7Li abundances

4.1 Introduction

Big Bang Nucleosynthesis (BBN) models used to calculate the abundance of light

elements produced in the Big Bang are functions of many parameters. One of

the most important parameters for these calculations is the baryon density which

was recently determined with great precision by WMAP. It is often expressed as

the baryon to photon ratio (η = 6.2± 0.2× 10−10) [Spe03].

In order to refine this theoretical model, comparisons must be made to early

universe abundances. This is done using observations of low metallicity stars.

Low metallicity stars are stars with small amounts of elements heavier than he-

lium. Most of the elements heavier than helium were produced in stars after the

big bang. So low metallicity stars are likely older stars formed from gases repre-

sentative of the post big bang universe. In the case of lithium, by looking for a

characteristic atomic lithium line at 670.7 nm, its abundance in these stars can be

measured (see Figure 4.1) [Smi98]. These data are fit as a function of metallicity

and extrapolated to 0 to represent the primordial abundance, commonly accepted

as 7Li/H = 1.23+0.34
−0.16 × 10−10 [Rya00].

Estimates of abundances of several light nuclei are shown in Figure 4.2. The

curves represent the calculated isotopic abundance from BBN theory as a func-

tion of the baryonic density. The horizontal shaded areas represent the values
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Figure 4.1: A portion of the light spectrum from several low metallicity stars that
displays the flux as function of wavelength. The characteristic lithium line is at
6707 angstroms. This figure is adopted from [Rya99].

as extrapolated from measurements of low metallicity stars. The vertical shaded

areas represent WMAP’s determination of the baryonic density. With WMAP’s

value for the baryonic density, the densities of D and 4He are in reasonable agree-

ment with the values predicted by BBN theory. However, in the case of 7Li there

is considerable discrepancy (observed abundance is almost a factor of 4 smaller

than that predicted by BBN models). The high precision measurement of this

cosmological parameter has led to much higher precision in BBN calculations.

In particular, the abundance of 7Li after the period of BBN was predicted to be
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Figure 4.2: Calculated BBN abundance relative to hydrogen for several light
isotopes as a function of the baryonic density. The curves represent theoretical
predictions as a function of the baryonic density (Ωbh

2) and the baryon to photon
ratio (η). The vertical shaded bar shows WMAP’s recent determination of the
baryonic density and the horizontal shaded regions represent abundances extrap-
olated from observations. Note that for the case of 4He, the two horizontal shaded
regions represent competing observations for its abundance [Coc04].

7Li/H = 5.12+0.71
−0.62 × 10−10, almost a factor of 4 larger than values extrapolated

from observations [Cyb08].

Several solutions have been proposed to resolve this discrepancy. A possible

astrophysical solution is that the current understanding of the stellar processes

that deplete lithium in population II stars needs to be improved [Ric05]. Another

possibility is that physics beyond the standard BBN model is required, such as a

variation in the strong force during the first few seconds of the Big Bang [Pos11].

Another solution that has been proposed is the existence of a negatively charged
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massive unstable particle, X−. These particles are thought to decay into the

present dark matter and could act as a catalyst for the destruction of 7Be (which

decays into 7Li) and 7Li.

A proposed nuclear physics resolution could be a resonant enhancement of the

destruction of 7Be in the early universe higher than was previously considered.

Which results in less 7Be being available to decay to 7Li, reducing the predicted

BBN abundance [Coc04] which was a factor of ≈ 4 larger than values extrapolated

from observation. Recent work by [Cyb09] predicted that if a 5/2+ ∼ 16.7-MeV

state in 9B has a 7Be+d resonance energy between 170-220 keV and a deuteron

decay width between 10-40 keV, then a resonant enhancement of the 7Be(d, p)2α

or 7Be(d, γ) reaction could resolve the cosmological lithium problem.

There has been a recent measurement of the 7Be(d, p)2α reaction. This mea-

surement by was done by [Ang05] and no enhancement of the rate was found when

compared to prior calculations and early work by [Kav60]. However, [Cyb09] ar-

gue that some of the assumptions made in this earlier measurement may not

be valid. Furthermore, (d, p) protons populating the 16.63-MeV 2+ state in 8Be

would have been missed in that study, since they were below the detection thresh-

old. In more recent work, [Boy10] question whether the resonance would be pop-

ulated in the 7Be+d reaction. Clearly more study of possible resonances in 7Be+d

reactions and the 16.7-MeV state in 9B is needed to resolve these issues.

4.2 Experiment

The d(7Be,d)7Be reaction was used to search for the predicted resonance at the

Holifield Radioactive Ion Beam Facility (HRIBF) at Oak Ridge National Labora-

tory (ORNL) [Bee11]. The experiment was performed in inverse kinematics using

a pure 10-MeV 7Be beam with an average intensity of 5×104 7Be/s. The 7Be
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Ionization
Chamber

MINI

7BeCD2

Figure 4.3: The experimental setup for the d(7Be, d) measurement. The top
figure is a schematic of the setup shown in the photograph below it. The beam
enters from the right and the ion chamber was placed downstream past the MINI
detector to the left. Multiple CD2 targets were mounted on the target ladder.

was produced at the Institute of Nuclear Research of the Hungarian Academy of

Sciences (ATOMKI) via the 7Li(p, n)7Be reaction and shipped to ORNL, where it

was chemically isolated from the 7Li and pressed into a cathode for use in a sput-

ter ion source. These cathodes were then placed in a multi-sample, Cs-sputter ion

source that was mounted on the IRIS1 radioactive-ion beam production platform.

This ion source produces negative ions by a process of cesium sputtering on

the surface of the cathode. This sputtering results in negative ions being ejected

from the surface of the cathode and extracted from the ion source to form a beam.
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It is the same type of ion source that is used for the stable beam injector to the

Tandem Electrostatic accelerator. One significant difference is that the stable-

beam source for the Tandem holds a single cathode, while the radioactive ion

source can hold up to 4 cathodes that can be changed without breaking vacuum.

This capacity allows the loading of the target wheel with more than one cathode

containing beryllium and other cathodes to be used for tuning (e.g. a lithium

cathode for tuning 7Li as a pilot beam). Beryllium does not form negative ions

very efficiently, so a mixture of 7Li and 7Be is extracted from the ion source as

negatively charged molecules of beryllium oxide (BeO) and lithium oxide (LiO).

At the terminal, the oxide molecules are broken up at the carbon stripper foil

and the resultant 7Be ions accelerated to full energy of 10 MeV. In some cases,

there is still a measurable number of lithium ions in the beam, but these can be

removed by fully stripping the ions as the beam exits the Tandem and selecting

only the q=4+ ions.

The 10-MeV 7Be beam was used to bombard a 1.62-mg/cm2 thick CD2 target.

Scattered deuterons from the 2H(7Be,d)7Be reaction were detected in the MINI

annular silicon strip detector with an inner radius of 2.4 cm and an outer radius

of 4.8 cm divided into 16 1.5-mm strips. The detector was placed about 23 cm

from the target covering forward laboratory angles ≈ 6◦ - 12◦ (≈13◦ - 26◦ in the

center of mass frame). See Figure 4.3 for a layout. Downstream an ionization

chamber was implemented to diagnose the purity and intensity of the beam. The

ionization chamber is a doubly segmented chamber filled with CF4 gas, where

particle identification can be accomplished by comparing the energy loss in the

first segment to that of the total energy deposited. The pressure in the chamber

can be adjusted so that the beam is completely stopped inside. As seen in Figure

4.4, a pure beam of 7Be was achieved by stripping the beam to charge state q =

4+ at the terminal of the tandem accelerator.
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Figure 4.4: (a) Ion counter spectrum of energy loss as a function of total energy
of the A=7 beam stripped to charge state 1+. Note the presence of the 7Li
contamination. (b) Ion counter spectrum of beam stripped to charge state 4+,
indicating a pure 7Be beam.

Because the energy of the proposed resonance was low (Ec.m. ≈ 200 keV or

E7Be ≈ 900 keV), the scattered deuterons would also be low in energy (Elab
d ≈ 600

keV). Ideally the beam should be stopped near the back of the target to minimize

the target energy loss of the outgoing deuterons. To reduce energy loss in the

target, a target ladder was used that could rotate perpendicular to the beam

line, effectively increasing the target thickness for the beam. With no rotation,

the primary beam passed through the 1.62-mg/cm2 target, losing most, but not

all, of its energy, which was confirmed from spectra taken with the downstream

ionization counter. The target was then rotated until no beam was detected in the

ion chamber. The angle necessary for this was measured to be 50◦ ± 3◦, giving

an effective target thickness of 2.52 ± 0.15 mg/cm2. The measured stopping

thickness agrees with those calculated using the codes STOPIT (2.63 mg/cm2)
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and SRIM (2.52 mg/cm2) [Bra78, Zie03]. Approximately 27 hours of data were

taken during which 5×109 ions bombarded the CD2 target.

4.3 Data and Analysis

Figure 4.5 shows an R-matrix calculation done for this measurement of the spec-

trum for the proposed resonance at Ec.m. = 200 keV with a width of 30 keV. A

deuteron energy spectrum from a strip at 10.2◦ is shown in Figure 4.6. Compar-

ing it to Figure 4.5, no obvious resonance is present. However, this spectrum is

uncalibrated. Although no resonance is readily observed, there are corrections

that need to be made to the data before conclusions can be drawn. As discussed

above, this experimental method reduced the energy loss in the target; however

it does not completely prevent it. Deuterons scattered at the resonance energy

(Ec.m. ≈ 200 keV) are still expected to lose about 50 keV of their 600 keV lab

frame energy. This energy loss was estimated using a combination of kinematics

codes RELKIN and STOPIT.

RELKIN is a code written in FORTRAN that calculates the energies of the

outgoing particles as a function of angle for a particular nuclear reaction. It allows

the user to input multiple beam energies as well as to specify the angular range

of interest. STOPIT is another FORTRAN program written to estimate energy

loss by a particle through a particular medium that is specified by the user. The

medium can either be gas or solid and can have multiple layers. The user specifies

the density, thickness, and composition of each layer and STOPIT will estimate

the energy loss in each layer. Used in conjunction with RELKIN calculations, the

energy loss of the deuterons in the target can be estimated.

First, STOPIT is used to determine the beam energy loss as it passes through

the target. Next, RELKIN is used to calculate the outgoing energies of deuterons
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Figure 4.5: R-matrix calculation of the differential cross section as a function of
energy using MULTI. A 7Be+d resonance with ER ≈ 200 keV and Γ ≈ 30 keV
was assumed.

when the beam interacts at different points in the target at each strip angle.

STOPIT is then used to estimate the energy loss of these deuterons as they pass

through the remaining target material. In this way an estimate of the energy loss

of the measured deuterons can be made by comparing the measured deuteron

energies to those calculated by RELKIN for each angle covered by MINI.

The measured deuteron energy spectrum displayed in Figure 4.6 was corrected

for the energy loss in the target and converted from the laboratory frame to the

center-of-mass frame by using [Lee07]:

Ec.m. =
md +M(7Be)

4M(7Be) cos2 θlab
Ed,lab. (4.1)

The spectra were then converted to differential cross sections using an energy-

dependent target thickness ∆x, which is inversely proportional to the stopping



53

200 300 400 500 600 700 800 900 1000
Deuteron Energy (2 keV/bin)

0

1000

2000

3000

4000
C

o
u

n
ts

Figure 4.6: Counts as a function of deuteron energy measured in the laboratory
in 2 keV intervals from the 7Be(d, d) reaction at 10 MeV. The effective target
thickness was 2.5 mg/cm2. Data for a detector strip at 10.2◦ are shown.

power dE/dx:

dσ

dΩ
=

R

ρ×∆x× I ×∆Ω
=

R

ρ× (∆E × dx
dE

)× I ×∆Ω
=

R× dE
dx

ρ×∆E × I ×∆Ω
(4.2)

where R is the deuteron yield, ρ is the target density, I is the time-integrated

flux of 7Be, ∆Ω is the solid angle covered by the detector strip, and ∆E is the

energy bin. This is the same method used in Reference [Lee07]. The stopping

powers were estimated using SRIM [Zie03]. These data were then divided into

5 keV bins, and the resulting differential cross sections in the center of mass are

displayed in Figure 4.7. Two MULTI R-Matrix calculations that were normalized

to the data are also displayed in Figure 4.7.
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Figure 4.7: Differential cross sections as a function of center of mass energy for
the 7Be(d, d) reaction. Data are from the 10.2◦ detector strip shown in 5 keV
bins. The solid line represents a MULTI calculation done assuming a resonance
width of 30 keV. The dotted line represents a MULTI calculation done assuming
a resonance width of 0 keV.

To interpret the data from the 7Be+d measurement, R-matrix calculations for

this experiment were performed with the FORTRAN code MULTI [Nel85]. This

program computes R-Matrix cross sections for cases in which several channels

may be open and several levels may be interfering with one another, although in

the 7Be+d study only the 5/2+ 16.7-MeV state in 9B is considered. One thing

to note is that MULTI views the entrance channel spin as simply the sum of the

spins of the target and beam. The effects of the impact parameter are considered

separately. The ground state of 7Be has a Jπ of 3/2− and the deuteron has a Jπ of
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1+ so the possible entrance channel spins used in MULTI are 1/2, 3/2, and 5/2.

In the end a separate analysis must be done for each of these possible spins. This

analysis can be simplified by remembering that an entrance channel spin of 1/2

would require an f-wave (` = 3) transfer to populate the resonance of interest.

SInce this possible entrance channel spin was much less probable than the other

two channels for which p-wave (` = 1) is allowed, J = 1/2 was neglected in this

analysis. Figure 4.5 shows an example of a MULTI calculation done assuming a

resonance energy of 200 keV and a width of 30 keV.

The results of the MULTI calculations were averaged over the laboratory

energy resolution of 68 keV (22 keV in the center of mass), which is mostly due

to the angular bin size and the intrinsic detector resolution. Looking at Figure

4.7, it appears that the best fit to the data is a calculation done assuming a

zero width resonance. The lack of an obvious resonance implies that either the

resonance does not exist or this experiment was not sensitive enough to observe

it. So the only course remaining is to use MULTI to set upper limits (Γmax) on a

possible resonant contribution [Nel85].

The overall normalization of the MULTI calculations was allowed to vary as a

free parameter and χ2 fit tests were used to set upper limits on deuteron widths

at a given confidence level. A resonance energy of Ec.m. = 200 keV was used

for these calculations. Other resonance energies within the range from [Cyb09]

were also explored, but no improvement was seen in the fit. Table 4.1 lists the

results from the χ2 analysis of the MULTI calculations for a few of the annular

detector strips used in the present analysis. The upper limits were determined

by increasing the resonance width from 0 (which had the lowest χ2) until the χ2

increased by 6.17, representing a 95.4% confidence level [Pre92]. The extracted

upper limits from the individual strips were all about 1 keV.
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Table 4.1: Upper limits Γd for the width of the possible 7Be+d resonance at Ec.m.

≈ 200 keV in 9B. Upper limits were calculated for each detector strip. See text
for details.

θ◦lab Γd (keV) for entrance Γd (keV) for entrance
channel spin of 3/2 channel spin of 5/2

6.9 1.1 1.1
7.3 0.4 0.5
7.7 0.6 0.7
8.0 1.1 1.2
8.8 0.8 0.8
9.1 0.8 0.9
10.2 1.5 1.6
11.0 2.4 2.4

4.4 Summary and Conclusions

It had been proposed that a 5/2+ resonance in 7Be+d could resolve the 7Li

primordial abundance discrepancy. This resonance was searched for using the

d(7Be, d)7Be reaction with a 10-MeV rare isotope beam of 7Be and a CD2 target;

no evidence for a resonance was observed. From analysis of the deuteron energy

spectra with the R-matrix code MULTI, an upper limit of ∼ 1 keV was deduced

for a 5/2+ resonance in 7Be+d corresponding to the 16.7-MeV state in 9B. This

upper limit is considerably lower than the minimum width of 10 keV that was

proposed as a solution to the lithium abundance discrepancy [Pos11]. Therefore,

other solutions to the cosmological 7Li problem beyond the nuclear reaction rates

should be pursued.
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Chapter 5

Spectroscopic study of low-lying 16N levels

5.1 Introduction

Understanding the origin of the elements and isotopic abundances in the universe

is one of the main goals of nuclear astrophysics. After the Big Bang, most light

nuclei are synthesized by fusion reactions between charged particles. While the

probable production sites for many nuclei have been determined, many still remain

a mystery. In particular, the nucleus 19F may be produced on a side path of the

CNO cycle described in section 1.2.3. However, the large cross section for the

19F(p, α)16O reaction quickly destroys it in the proton-rich environment in stars.

Currently, the astrophysical production site of galactic 19F is uncertain. Possible

sites include asymptotic giant branch (AGB) stars (stars burning 1H in a shell

but no longer in the core), supernovae, and Wolf-Rayet stars (very massive stars

that rapidly lose their mass due to a strong stellar wind) [Wil02].

The only astrophysical site observationally confirmed to produce 19F are AGB

stars and they are considered the most likely source [Lug04]. Recent observations

have found F overabundances of up to 250 times solar values in extremely hot

post-AGB stars [Wer05]. However, model calculations have not yet been able

to reproduce many observed abundance correlations, such as that of 19F with

12C [Lug04]. It is unclear the extent to which nuclear physics uncertainties are

contributing to the discrepancies. Furthermore, in order to model 19F produc-

tion, a detailed understanding of the nuclear reactions occurring in the stellar
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16F 17F 18F
19F

15O 16O 17O 18O

14N 15N 16N

Figure 5.1: The sequence thought to be responsible for the production of 19F in
AGB stars. 14N(α, γ)18F(β+)18O(p, α)15N(α, γ)19F.

site is needed. 19F is thought to be produced in AGB stars via the sequence

14N(α, γ)18F(β+)18O(p, α)15N(α, γ)19F (see Figure 5.1).

It is important to consider the competition between different reactions that

consume 15N, such as the 15N(α, γ)19F and 15N(n, γ)16N reactions, when calcu-

lating 19F production. The 15N(n, γ) reaction is important as it would remove

15N from the environment, leaving less available for the 15N(α, γ)19F channel.

While there has been considerable recent work studying the 15N(α, γ)19F reaction

[Wil02, For03, Deo97], there have been few studies of the 15N(n, γ)16N reaction.

Reference [Mei96] estimated this reaction rate for the 15N(n, γ)16N reaction. The

authors of this study found that the rate is dominated by p-wave (` = 1 transfer)

direct capture over almost all of the relevant temperature range (≈ 108 − 109 K)

with resonances only contributing at the highest of temperatures. The direct cap-

ture rate calculations depend directly upon the neutron spectroscopic factors of

the states populated in direct capture. Thus a determination of the spectroscopic

factors of low-lying 16N levels is critical for calculating this rate.

There has been a single measurement of the neutron-spectroscopic factors for
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low-lying 16N levels [Boh72]. In this particular measurement, 5-6 MeV deuterium

beams bombarded enriched-in-15N melamine (C3H6N6) targets. Protons from the

(d, p) reaction were detected in silicon detectors. The ground state of 16N and

excited states at 120, 298, and 397 keV were observed. Each state had nearly

equal spectroscopic factors of ∼0.5. Given that 15N is a closed shell nucleus, this

result was somewhat surprising. It was thought that low-lying 16N levels were

good single-particle levels with spectroscopic factors near unity [Mei96, Boh72].

These expectations were further confirmed by OXBASH calculations in Reference

[Mei96] where spectroscopic factors between 0.87 and 0.96 were predicted. Addi-

tional information comes from a study of low-lying levels in the mirror nucleus,

16F, where it was found that the observed properties of the mirror levels were

only consistent with proton spectroscopic factors near unity [Lee07]. If isospin

symmetry implies that the neutron spectroscopic factors in 16N should be near

unity. Furthermore, using the spectroscopic factors determined by [Boh72], the

reaction rate of [Mei96] differs from that of a calculation done by [Rau94] by

30%. Clearly, the low spectroscopic factors for this nucleus need experimental

confirmation.

5.2 Experiment

A new study of the 15N(d, p)16N reaction was performed at the ORNL HRIBF.

An inverse kinematics study, d(15N,p), was chosen because enriched 15N targets

can be difficult to fabricate while CD2 targets are readily available. Furthermore,

to measure spectroscopic factors, one must measure the most forward center-of-

mass angles where the cross section is most sensitive to the spectroscopic factors.

In normal kinematics, (d, p) measurements can be difficult near 0◦ where the rate

of elastically-scattered deuterons is high. However, in inverse kinematics forward
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Figure 5.2: Experimental setup for the 15N(d, p) reaction. Not shown is the
Daresbury Recoil Separator that was downstream of the target chamber.

center of mass angles correspond to backward laboratory angles, where no elastic

scattering would be observed.

A 100-MeV 15N beam was used to bombard a 90-µg/cm2 CD2 target. Protons

from the (d, p) reaction were detected at backward laboratory angles, 155◦-169◦

(3◦-8◦ in the center of mass frame) by the Silicon Detector Array (SIDAR) [Bar99].

To ensure that the identification of (d, p) protons was correct, some of the data

were taken in coincidence with 16N recoils that were transported and separated

from the primary beam by the Daresbury Recoil Separator (DRS) [Jam88] and
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Figure 5.3: Schematic of the Daresbury Recoil Separator which is composed of a
series of velocity filters for separating beam-like recoils. It can separate masses
with a resolution ∆A/A ≈ 1/100.

detected in a silicon detector. The DRS has a mass resolution of ∆A/A ≈ 1/100

so it should be able to separate 15N from other possible beam-like recoils.

The main purpose of detecting the recoils was to ensure that the protons from

the 15N(d, p) reaction were being correctly identified in the spectra. Figure 5.4

shows the spectrum from SIDAR in singles and in coincidence with 16N recoils and

demonstrates how cleanly the protons of interests can be identified. The results

were enough to verify that the kinematics lines evident in the SIDAR spectra are

from the states of interest.

Additional ORRUBA detectors were placed near 90◦ (θlab = 54◦ to 126◦ or

θcm = 21◦ to 93◦) and were useful for detecting reaction protons at larger center of

mass angles and for monitoring target stability [Pai07]. The elastic scattering of

deuterons from the target components during the run were recorded in ORRUBA

(Fig. 5.8) and used to ensure target stability. The ORRUBA strips were oriented

parallel to the beam axis such that the position along the strip of a detected
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Figure 5.4: (a) Energy of detected particles observed in one SIDAR wedge. The
laboratory angles range from 169◦ to 155◦ for strips 1 to 16, respectively. (b)
Same as (a) but in coincidence with a 16N recoil transported through the DRS.
The band arising from 15N(d, p)16N is clearly identified.

particle provided a good measure of the polar angle (θ) of the reaction product.

Another smaller annular detector (MINI) was placed at forward angles (θlab =

9◦-18◦) to measure elastic scattering of the beam from the carbon in the target for

beam current normalization. To determine this scattering rate, a silicon detector

was inserted into the beam path downstream of the target location, and a low-

intensity beam (∼ 104 particles per second) was counted while scattered beam

particles were measured in the forward-angle detector. Afterwards, the beam

detector was retracted, and the beam was raised to full intensity. Since the ratio

of scattered particles to beam rate was determined, the elastic scattering could

then be used as a measure of the beam rate. Typical beam intensities were kept
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Figure 5.5: (a) Energy spectrum of one SIDAR strip from a 5.8 MeV alpha source.
(b) The energy spectrum of the 5.8 MeV alpha source for one wedge of SIDAR.

below 3×106 15N/s to prevent target degradation. The lack of target degradation

was verified by monitoring the rate of deuteron scattering in ORRUBA over time.

Data were taken for approximately 65 hours and a total of 4.6 ×1011 15N ions

impinged on the target over the course of the experiment.

5.3 Data and Analysis

5.3.1 SIDAR

The SIDAR analysis was actually done by Dan Bardayan from ORNL, but I will

briefly discuss it here. SIDAR covered the most forward center of mass angles

(3◦-8◦). An energy calibration for each strip of SIDAR was determined using a

calibrated 5.8 MeV alpha source 244Cm (shown in Figure 5.5). The activity of this

source is known to be 3006 alphas per second into the full 4π. So, knowing the

amount of time data were collected from the alpha source, the solid angle coverage

of each strip can be determined. Once the solid angle has been determined and
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Figure 5.6: Singles energy spectrum observed in the inner strip of SIDAR. Lines
show the expected positions of peaks from the 2H(15N,p)16N reaction.

data from the strips calibrated, the strips of SIDAR at the same polar angle

were summed over the azimuthal angle, φ. Figure 5.6 shows a typical singles

spectrum from one of the SIDAR strips. As can be seen in Fig. 5.6, there was

relatively little background in the spectra, and thus background subtraction was

straightforward. To extract the cross sections from these low-lying 16N levels, the

standard equation 4.2 was used. The differential cross sections from SIDAR are

shown later in Figure 5.11. The uncertainties shown on the data points are purely

statistical.

5.3.2 ORRUBA

ORRUBA covered angles further back in the center of mass frame than SIDAR

from θcm = 21◦ to 93◦. The calibration of ORRUBA took place in two stages.

First, an energy calibration was done using the plot shown in Figure 5.7a. Each

end is gained matched so that a particle interacting at the center of the strip
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Figure 5.7: (a) The energy read from one end of an ORRUBA strip vs the energy
deposited by the opposite end for a 5.8 MeV alpha source. (b) The energy
measured by one ORRUBA strip plotted against the position for the 5.8 MeV
alpha source.

will produce an equal signal in both ends. Next a position calibration is done

using Figure 5.7b. The alpha source should trigger events throughout the entire

length of the ORRUBA strip, so that the length of the alpha line in this spectrum

should represent the length of the strip. Making this calibration allows for the

exact position (as well as the angle) of each event to be determined. Details on

the position and angle calculation are presented in section 3.2.

Figures 5.8 and 5.9 show ORRUBA Energy vs Position spectra for a forward

laboratory angle ORRUBA strip and a backward laboratory angle ORRUBA strip

for the 15N(d, p) measurement. Notice in both spectra how clearly the kinematics

line from (d, p) is identified. The ORRUBA data were then summed over φ into

2◦ bins of θ. Figure 5.10 shows one such bin, located at θlab = 110◦. As in the

SIDAR data, there are two doublets, one representing the ground state and 120-

keV state and one representing the 298-keV and 397-keV states. Cross sections

for each doublet were derived as with SIDAR using formula 4.2. The angular

distribution is plotted along with that observed in SIDAR in Figure 5.11.
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Figure 5.9: Detected energy vs. position spectrum for a portion of the events observed
in an ORRUBA detector placed from 90◦ to 126◦. Note that the absence of elastically
scattered particles.
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5.4 Results

In Figure 5.11, the angular distribution for the 15N(d, p) reaction populating two

doublets. These doublets correspond to states at 0+120 keV and 298+397 keV.

The data are plotted along with DWBA calculations performed using the code

TWOFNR [Igar]. The global optical model parameters of Perey and Perey were

found to be suitable for the Woods-Saxon potential of Section 2.2.2 and imple-

mented [Per76]. These parameters are listed in Table 5.1. Since individual states

were not separated in these data, the DWBA calculations were combined using

two methods.

The first method used the relative spectroscopic factors for the four states

reported in Bohne et al. to weight the DWBA calculations and the overall mag-

nitude was allowed to vary in the fit [Boh72]. Even if the magnitudes of these

values are not correct, it is likely that the relative strengths are valid. In the
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Table 5.1: Global optical model parameters of [Per76] used in the Woods-Saxon
potential (shown in Section 2.2.2) for the DWBA calculations. The parameter
V definitions follow the normal conventions and correspond to those found in
[Per76]. For the neutron n, V was fit to reproduce the binding energy of the
neutron. In all cases, W = 0 MeV. Note that 15N has a ground state spin of 1/2.

V r0 a0 WD rW aW Vso rso aso rC
(MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm) height

15N+d 85.31 1.15 0.81 16.0 1.34 0.68 0.0 1.0 1.0 1.15
16N+p (g.s) 54.19 1.25 0.65 13.5 1.25 0.47 7.5 1.25 0.47 1.25

n - 1.25 0.65 0.0 - - 6.0 1.25 0.65 1.25

second method, the magnitudes of each DWBA component were allowed to vary

as a free parameter. The spectroscopic factors from both methods were deter-

mined using methods discussed in section 2.2.3 and are listed in Table 5.2. The

systematic uncertainties in the spectroscopic factors are estimated to be about

15% resulting mostly from uncertainties in the target thickness (∼ 11%) and

beam current normalization (∼ 10%). Additional model uncertainties are not

considered as they will likely have a negligible effect on the overall uncertainty.

For comparison, previous results from Bohne et al. and OXBASH shell model

calculations are also included [Boh72]. Both methods for determining the spec-

troscopic factor used in this dissertation produced reasonable fits to the data and

spectroscopic factors that agreed much better with the near-unity OXBASH cal-

culations [Mei96]. Notice that the spectroscopic factors of our measurement differ

from Bohne et al. by about a factor of 2.

The differences in the spectroscopic factors from this work and those extracted

by Bohne et al. are doubtfully the result of using different optical model para-

meters [Boh72]. We were able to reproduce the DWBA calculations of Bohne et

al. using the parameters in Table 5.1 which supports the notion that the cause

of the discrepancy comes from the data [Boh72].
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Figure 5.11: Differential cross sections for the 15N(d, p)16N reaction as a function
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curves have been fitted to the data. Here the magnitudes of the DWBA calcu-
lations were allowed to vary as free parameters and fit to the data. The dashed
curves show the contributions that were summed to fit the g.s. + 120-keV cross
sections.

5.5 Summary and Conclusions

There has been a long-standing discrepancy between the measured neutron spectro-

scopic factors for 16N and the expected values [Mei96, Boh72, Lee07]. Spectroscopic

factors have a direct impact on the calculated 15N(n, γ)16N reaction rate, which is of

importance to nucleosynthesis calculations of 19F in AGB stars. A re-measurement of

the 15N(d, p)16N reaction was performed using inverse kinematics with the SIDAR and

ORRUBA arrays in conjunction with the DRS. It was found that the neutron spectro-

scopic factors are consistent with near-unity expectations from shell model calculations.

With this work, the 15N(n, γ)16N reaction rate of [Mei96] has been updated using

the average of the spectroscopic factors listed in the last two columns of Table 5.2. The
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Table 5.2: Spectroscopic properties of 16N excitations in comparison with shell
model predictions [Mei96]. The last two columns show the results of the present
work when the magnitudes of the individual components were fixed to the ratios
of spectroscopic factors from Reference Bohn et al. or were allowed to vary freely,
respectively. OXBASH calculations for spectroscopic factors were adopted from
Meissner et al. [Boh72, Mei96]. Statistical uncertainties are given in parenthesis.
The systematic uncertainties are estimated to be ∼15%.

Ex(MeV) C2S C2S C2S C2S
Jπ nlj [Boh72] OXBASH present1 present2

0 2− 1d5/2 0.55 0.93 0.96(2) 1.04(4)
0.120 0− 2s1/2 0.46 0.95 0.80(1) 0.71(6)
0.298 3− 1d5/2 0.54 0.87 0.91(1) 1.03(3)
0.397 1− 2s1/2 0.52 0.96 0.88(1) 0.74(5)

1Ratio of components constrained in fit
2Components allowed to vary freely

15N(n, γ)16N reaction rate is dominated by p-wave direct capture to low-lying 16N levels.

The calculated p-wave contribution depends directly on the measured spectroscopic

factors and thus it was scaled from Reference [Mei96]. The s-wave contribution is

strongly-inhibited; an estimate of its strength from Reference [Fow67] is also displayed.

The major resonance contribution comes from the 862-keV resonance. The contribution

of this resonance is taken unchanged from Reference [Mei96]. The resulting reaction

rate is plotted in Fig. 5.12 and is given by the expression

NA < σv > = 3.18 + 5.29× 103T − 715× T 1.7 +

5.3× 105T−3/2 exp(−10.0/T ) (5.1)

where the rate is given in cm3mole−1s−1, NA is Avagadro’s number, and the temper-

ature is given in GK. The calculated 15N(n, γ)16N reaction rate is about a factor of

2 larger than the rate from Reference [Mei96] due to the larger spectroscopic factors

used in the current calculation. These increased spectroscopic factors will lower the

amount of 15N available to produce 19F through the 15N(α, γ)19F reaction and thus

lowers the abundance of 19F predicted by models. Unfortunately, this does not resolve

the discrepancy between model calculations and observations for the abundance of 19F

in post-AGB stars.
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Chapter 6

20Ne(p, d) and the astrophysical 18F mystery

6.1 Introduction

Gamma-ray emission from novae is dominated by e+e− annihilation. The positrons

necessary for this interaction typically result from the β+ decay of radioactive nuclei

during the first few hours following the initiation of the outburst. These positrons could

come from a variety of sources, but 18F is considered a primary candidate because of

its long half-life (t1/2 ≈ 110 min.) and its relatively high abundance. If satellites

such as INTEGRAL detected the 18F gamma-rays, it would provide a direct test of

nova models [Her99, Her01]. To date, gamma-rays associated with nova outbursts have

not been observed. One of the major challenges is that the sensitivity requirements

and maximum detection distances are poorly known due to uncertainties in the nuclear

processes that govern the creation and destruction of 18F. In particular, the 18F(p, α)15O

reaction is thought to destroy a significant fraction of the 18F nuclei before they are

carried by convection to the top of the explosion envelope. This rate significantly affects

the net abundance of 18F for gamma-ray emission.

Several experiments have been done to better understand this important reaction

rate [Bar02, Koz06, Ser07, Ser09]. These results indicated a large amount of s-wave (i.e.

` = 0) strength concentrated near the proton threshold in 19Ne. Depending on whether

these strong single-particle levels are above or below the proton threshold of 19Ne, the

calculated 18F(p, α) rate could change dramatically. Resonances that lie just below the

proton threshold, especially those with low ` transfer, may also significantly affect the

18F(p, α)15O reaction rate due to their large alpha width. A large alpha width implies
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that the state will likely decay as an alpha particle. As a result of these uncertainties

in the reaction rate, the predicted amount of 18F produced in nova explosions is poorly

known.

An experiment was performed at ORNL to measure the proton transfer to states in

19Ne using a beam of 18F bombarding a CD2 target [Ade11]. The properties of several

resonances were measured and the results are shown in Table 6.1. There appears

to be a ` = 0 state just below the threshold that could potentially have a significant

contribution to the reaction rate, depending on its spin. With the ground state Jπ = 1+

of 18F and an ` = 0 transfer into the 6.289-MeV state, the final spin could be either

1/2+ and 3/2+. This difference is significant because the alpha width is estimated from

the mirror, but mirror assignments are difficult if the spin is not known. In fact, it was

estimated by Adekola et al. that the width is 11.62 keV if the spin is 1/2+ but 0.44 keV

if the spin is 3/2+ [Ade11]. It is therefore important that the spin of this sub-threshold

resonance be determined.

A possible probe of the spin of this state could come from a study of the 20Ne(p, d)19Ne

reaction. The state would be populated by an ` = 0(2) transfer if its spin is 1/2+(3/2+).

These differing ` transfers would produce different angular distributions for the outgo-

ing deuterons, and thus a measurement of these angular distributions would determine

the spin of this important state.

6.2 Experiment

At ORNL, the 20Ne(p, d) reaction was measured to determine the spin of the 6.289-MeV

sub-threshold state. The measurement was performed in normal kinematics, using a

30-MeV proton beam. The 20Ne material was implanted into a carbon foil. However,

the actual amount of 20Ne in the target was poorly known. A “pure” carbon foil was

also bombarded to identify contaminants and therefore help to identify the peaks cor-

responding to states populated in 19Ne. Outgoing particles were detected downstream
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Table 6.1: Resonance parameters used in the calculation of 18F(p, α)15O astro-
physical S-factor and reaction rate. Taken from [Ade11].

Er (keV) Jπ Γp (keV) Γα (keV)
-122 1/2+ or 3/2+ - 11.62 or 0.44

8 3/2− 1.27× 10−38 0.27
26 1/2− 1.1× 10−20 220.0
38 3/2+ 2.35× 10−15 4.0
287 5/2+ 1.2× 10−5 1.2
330 3/2− 2.22× 10−3 2.7
450 7/2− 1.6× 10−5 3.1
665 3/2+ 15.2 24.0
827 3/2+ 0.35 6.0
842 1/2+ 0.2 23.0
1009 7/2+ 27.0 71.0
1089 5/2+ 1.25 0.24
1122 5/2− 10.0 21.0

by the annular SIDAR detector array in its lampshade configuration, which is com-

prised of 6 silicon strip wedge-shaped telescopes [Bar99]. Each telescope consisted of

a 65-micron 16-strip ∆E detector with a 300-micron residual E 16-strip detector (see

Figure 6.1). Particle identification was accomplished by plotting the energy deposited

in the thin detector vs the total energy deposited by the particle. Figure 6.2 shows an

example of these spectra. Many channels were open in this reaction induced by high

energy protons. Therefore gating on the particles of interest, deuterons in this case,

was important before analyzing the energy spectra.

6.3 Data

Figure 6.3 shows a deuteron energy spectrum from one strip. The angular region

SIDAR covered in this measurement was fairly broad (θlab = 29◦ − 73◦). However a

complication arose that prevented the 6.289-MeV state in 19Ne from being clear over

this entire range. In Figure 6.3 other nuclei appear to be present in the target besides

carbon and neon, most important of which is oxygen and silicon. The oxygen is from
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Figure 6.1: Diagram of the experimental setup. To the right is a photograph of
SIDAR in its lampshade configuration.

water in the air that had been absorbed into the carbon foil but the silicon came from

a previous measurement in which this target was bombarded by a beam of 28Si. The

states were deduced by their kinematic curves. In addition to the expected 12C(p, d)

peaks, 16O(p, d) peaks were also visible. Peaks from the oxygen contaminants limited

the angular range in which the state of interest could be observed. However the peaks

from states populated in 11C are quite useful. Since this nucleus has been studied

in much detail, the excitation energies of its states are well known; these peaks can

therefore be used as an internal energy calibration.

As can be seen in the photograph of the 20Ne implanted target in Figure 6.4, the

target thickness would have been difficult to determine and the actual density of 20Ne

is not known. However, the final spin can be determined because the shape of the

angular distributions from the two possible angular momentum transfers are different.

Figure 6.5 shows Distorted Wave Born Approximations (DWBA) calculations for the

20Ne(p, d) reaction done using the code TWOFNR [Igar].

20Ne is a deformed nucleus, meaning that it does not have the spherical shape

assumed by most global optical model parameters [Bar67]. Therefore, it is important

to get an appropriate set of optical model parameters rather than using a global set such



76

Etot(arb)

∆E
(a

rb
)

4He

3He

3H
2H

1H

Figure 6.2: Particle identification from one SIDAR telescope. The energy de-
posited in the thin detector (∆E) is plotted against the total energy deposited
(E).

as Perey that assume a spherical nucleus [Per76]. Table 6.2 displays the optical model

parameters that were taken from [Koz06] and scaled for this measurement. Figure 6.5

demonstrates that the shapes of the distributions for the two potential ` transfers in the

region covered by SIDAR are quite different. So the shape of the angular distribution

can be used to determine the spin of the state.

As was clear in Figure 6.3, there are several very strong peaks in 15O that come from

water that had been absorbed by the target. In particular, the peak of interest becomes

obscured by deuterons populating the 6.793-MeV state of 15O. Figure 6.6 shows how

the states become inseparable at higher angles. Because of this fact considerably the

effective range of SIDAR in this measurement was reduced to θlab = 30.3◦ − 45.0◦

(θcm = 33.2◦ − 49.2◦).
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Figure 6.3: Spectrum from one strip of SIDAR, gated on the deuteron curve from
Figure 6.2. The assignments for each peak are based on kinematics and alpha
source energy calibration. The carbon peaks were later used to refine the energy
calibration.

Table 6.2: Optical Model parameters for the deformed nuclei19Ne and 20Ne, taken
from [Koz06]. These parameters were used in DWBA calculations using the
Woods-Saxon potential of section 2.1.2.
Particle VR (MeV) rR (fm) aR 4Vl (MeV) rl (fm) al (fm) rc (fm)
20Ne+p 52.4 1.356 1.01 10.4 1.474 0.64 1.39
19Ne+d 109 1.349 0.70 58.8 1.385 7 0.60 1.39

6.4 Results

Figure 6.7 shows TWOFNR calculations for ` = 0 and ` = 2 transfer normalized to

the data to determine if a final spin assignment can be made in this restricted angular

range. The calculations were fit to the data using a least χ2 routine allowing the

normalization to vary as a free parameter. The best χ2 for each fit were 11.9 and

4.7 for the J = 1/2 and J = 3/2 spin assignments, respectively. Based on this, a

spin assignment of 3/2 would seem appropriate. However, while the data do appear to

follow the ` = 2 calculations better, both ` transfer calculations are relatively flat in

the region around the data. Furthermore, the last data point located at θc.m. = 50.2◦
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Figure 6.4: Carbon target implanted with 20Ne. The target thickness was difficult
to determine due to the poor quality of the target.
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Figure 6.5: DWBA calculations of differential cross sections for ` = 0 and ` = 2
transfer to the 6.289-MeV state in 19Ne from TWOFNR scaled to the data. The
angles between the dashed red lines represent those covered by SIDAR in the
present setup.
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Figure 6.6: Deuteron energy spectra from several strips in SIDAR. The state of
interest is the 6.289-MeV state of 19Ne and is circled. Note how the state of
interest is obscured by the stronger peak from a state in 15O.

shows that the differential cross section might be starting an upward trend. If that were

the case, then an the ` = 0 calculation might fit the data better. The result is that no

spin assignment can be made with confidence. A definite spin assignment could have

been made if either a larger angular range was observed, or the target had been free of

contamination.

6.5 Summary and Conclusions

Gamma-ray emission in novae is dominated by positron-electron annihilation. 18F,

due to its long half life (110 min) and high abundance, has been considered the most

likely source of positrons. However, gamma rays from this nucleus have not yet been

observed. In order to understand reactions that affect 18F abundances in novae, a

measurement was done by [Ade11] to determine the properties of resonances near the
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Figure 6.7: Differential cross sections as a function of center of mass angle for the
6.289-MeV state in 19Ne from the 20Ne(p, d) reaction. Also plotted are TWOFNR
DWBA calculations for differential cross section that were normalized to the data
by a reduced χ2 routine.

proton threshold. One sub-threshold state could have a strong effect on the 18F(p, α)

reaction rate, but its spin has not been determined. To determine the spin of this

6.289-MeV state, a 30-MeV proton beam bombarded a carbon foil implanted with 20Ne.

Outgoing particles were detected in the SIDAR array and an angular distribution from

the 20Ne(p, d)19Ne reaction was extracted. An absolute normalization of this reaction

was not possible and the contaminants in the target prevented the state of interest from

being observed over much of SIDAR’s angular coverage. As a result, no spin assignment

could be made.

Since the results of this study proved inconclusive, another measurement is neces-

sary. The major difficulty in this experiment was the contamination in the target. A

pure target would prevent contamination and enable an absolute normalization. How-

ever, a pure neon target requires a gas target implementation. A major difficulty with
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Figure 6.8: Setup proposed for the new measurement of 20Ne(p, d) using a pure
gas of 20Ne. See text for full details.

gas targets is determining the actual point in the target at which the interaction oc-

curred. Hence, a new setup was designed at ORNL with the capability to use a pure

gas target. A schematic of the proposed SIDAR setup is shown in Figure 6.8.

In this improved setup, the target chamber will be filled with 10 Torr of a pure

20Ne gas. The proton beam will travel through a narrow pipe both into and out of

the chamber, though a small section of pipe near the center of the chamber will be

open. In this way, the protons interacting with the gas can only be observed by the

detectors in a narrow region, effectively reducing the target thickness from the length

of the chamber to about a few centimeters. The exact target thickness varies with each

strip since strips closer to the beam axis will have its “view” more shielded by the pipe

than strips at higher angles (see Figure 6.9). Table 6.3 shows an expected count rate

assuming 10 Torr of 20Ne gas, a 0.1 mb cross section for the state of interest, and a

beam rate of 6 × 109 pps. Here θmin and θmax represent the angular range covered

by that strip in the laboratory frame. Currently the upstream and downstream pipes

have been made and are awaiting implementation. A tank of 20Ne gas has also been

acquired and a system to recirculate and filter the gas is available. We look forward
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Beam pipe

Figure 6.9: Schematic of how each strip of SIDAR sees a slightly different effective
target thickness. Table 6.3 lists the effective target length of each strip.

to this measurement in the near future with the goal of determining the spin of the

6.289-MeV state in 19Ne.
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Table 6.3: Expected count rate and target length for the the 20Ne(p, d) reaction
with improved setup assuming 10 Torr of neon gas, a differential cross section of
0.1 mb/sr, and a beam rate of 6× 109 pps.
Strip number θmin θmax active target length (cm) counts/hour

1 13.8 15.6 0.597 24.4
2 15.1 17.3 1.069 59.1
3 16.5 19.0 1.451 103.2
4 17.7 20.7 1.767 155.6
5 19.0 22.3 2.032 215.3
6 20.3 23.9 2.258 281.2
7 21.5 25.4 2.452 352.3
8 22.6 27.0 2.622 427.6
9 23.9 28.4 2.771 506.2
10 25.1 29.9 2.903 587.2
11 26.2 31.3 3.021 669.7
12 27.3 32.6 3.126 753.0
13 28.4 33.9 3.221 836.5
14 29.5 35.2 3.308 919.5
15 30.6 36.4 3.387 1001.5
16 31.6 37.6 3.459 1082.1
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Chapter 7

Summary and Conclusions

7.1 Summary

One of the primary objectives in science is to understand the origin of elements in

the universe. All of the experiments in this dissertation are part of this larger pic-

ture, and expand our knowledge of element nucleosynthesis. Each measurement of this

dissertation comprises smalls steps towards achieving this goal.

7.1.1 7Be(d, d)

The 7Be(d, d) measurement aimed to clarify the origin of 7Li, believed to have been

formed during the big bang. Currently the 7Li post big bang abundance predicted by

model calculations and that extrapolated from stellar observations differ by almost a

factor of 4[Cyb08]. Since most 7Li is produced through the beta decay of 7Be, a reso-

nant enhancement of the destruction of 7Be could resolve the discrepancy. Before this

measurement, resonant deuteron capture into the 16.7-MeV state in 9B was regarded

as a possibility whose role has been the subject of much debate [Cyb09, Ang05, Boy10].

In order to resolve the problem, the resonance would have to exist at an energy in

the range 170 keV ≤ Ecm ≤ 220 keV with a deuteron decay width in the range 10

keV ≤ Γd ≤ 40 keV. At ORNL, this resonance was searched for using the d(7Be, d)7Be

reaction with a 10-MeV rare isotope beam of 7Be and a CD2 target. No resonance

was observed. An upper limit of 1 keV was set, much lower than the smallest value

required to resolve the 7Li abundance problem. This possible resonance was the last

proposed nuclear physics solution to the 7Li abundance mystery. This study of the
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7Be+d reaction shows that this solution is no longer an option. Now more effort can

be focused on searching for other solutions, such as the existence of the dark matter

particle X− which might act as a catalyst for the destruction of 7Be [Kus10].

7.1.2 15N(d, p)

Currently the origins of 19F are not well known, but it is believed to be produced in

Asymptotic Giant Branch stars, stars with inert carbon cores with a shell of helium

burning and a shell of hydrogen burning. Current models produce about 250 times

less 19F than is observed and efforts are being made to improve the reaction rate

calculations. 19F could be produced by the 15N(α, γ) reaction and so any reaction

that destroys 15N would affect the final abundance of 19F. 15N(n, γ) might be one

of the main channels through which 15N is destroyed. Spectroscopic factors of 16N are

important for this reaction rate calculation and currently there is a discrepancy between

measured spectroscopic factors and those expected from theory [Mei96, Boh72, Lee07].

At ORNL the 15N(d, p)16N reaction was measured to determine the new spectroscopic

factors. These values were are reproduced by OXBASH theoretical prediction. This

result will serve to increase the amount of 15N being destroyed through the (n, γ)

channel leading to a reduction of 19F. Further work must be done to resolve the 19F

abundance discrepancy.

7.1.3 20Ne(p, d)

Electron-positron annihilation dominates gamma-ray emission from novae. The source

of these positrons remains a mystery, but they are thought to originate from beta-decay

of relatively abundance 18F. However, no gamma-rays associated with the decay of 18F

have been observed. One of the reactions believed to destroy 18F is 18F(p, α) and much

work has been done to understand this reaction rate [Ber02, Koz06, Ser07]. Work by

Adekola et al. has shown that there is a 19Ne state at 6.289-MeV just below the proton

threshold that could have a substantial impact on the 18F(p, α) reaction rate, but so
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far its spin has not been determined [Ade11]. At ORNL, a proton beam was aimed at

a carbon target implanted with 20Ne in an attempt to use the 20Ne(p, d) reaction to

determine the spin of this state. Target contaminants made the results inconclusive. A

new setup has been designed to re-measure this reaction using a pure 20Ne gas target.

All of the components of this setup have been received and we are waiting for beam

time to carry out this measurement.

7.2 Future Detectors

The measurements described in this dissertation were made possible by the innovative

detectors developed to detect the outgoing particles from each reaction. As experiments

grow more challenging, further development of detectors is necessary. For example, for

stripping reaction experiments in inverse kinematics, it is often the backward laboratory

angles that are of interest to study. However, in this angular region, particles are often

low in energy (E < 1 MeV) so detectors must have thresholds low enough to detect

them. Furthermore, the particles of interest are often difficult to detect (i.e. low energy

neutrons). With the experimental astrophysics group at ORNL, I have been aiding in

the development of a new set of detectors designed to tackle some of the challenges

presented by modern experimental needs.

7.2.1 Super ORRUBA

As discussed in Chapter 3, cross sections for experiments in inverse kinematics tend

to peak near 90◦ in the laboratory frame. Detector arrays that cover angles in this

region are needed in many nuclear reaction measurements done in inverse kinematics.

The silicon detector array ORRUBA covers this region well and the use of resistive

strips enables a large area to be covered with relatively high accuracy in θ without

the need for many electronics channels. However, the use of resistive strips has several

disadvantages. In order to trigger an event, a signal must be observed by both ends of

the ORRUBA strip. If the particle interacts near one of the ends, the signal measured
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Figure 7.1: Energy as a function of position in an ORRUBA strip for the 15N(d, p)
measurement. Note that ORRUBA can only detect low energy protons (Ep ≤1
MeV) near the center of the strip.

by the other end will be weak, possibly too weak to trigger an event. This occurrence

leads to a relatively high energy threshold for ORRUBA. As can be seen in Figure

7.1, only protons over 1.5 MeV in energy could be observed over the full length of an

ORRUBA strip. So for measurements that would require the detection of low energy

particles (E ≤ 1 MeV), ORRUBA would not be the best instrument. Furthermore,

this effect also leads to position-dependent gains in each strip. What is desired is a

detector exhibiting a solid angle coverage similar to that of ORRUBA that would not

have these limitations. These consideration have led to the recent efforts to develop

SuperORRUBA [Pai11].

Like ORRUBA, SuperORRUBA is a silicon detector array set in a barrel config-

uration around 90◦. However, the major difference is that rather than using resistive

strips to determine θ, each detector is segmented into 64 strips along its length (see

Figure 7.2). This segmentation allows for a similar angular resolution, but with a lower
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Figure 7.2: Schematic of one SuperORRUBA detector.
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threshold. A measurement of the 80Ge(d, p) reaction was done at ORNL in inverse

kinematics. During this experiment, some of the differences between ORRUBA and

SuperORRUBA were characterized. Figure 7.3 shows data from this measurement.

Not only could SuperORRUBA observe lower energy particles (as low as 300 keV) over

its whole length, it also appears as though the energy resolution has been improved

because the signal is no longer being split over a resistive strip [Pai11].

7.2.2 VANDLE

The (d, p) reaction has been a useful tool for studying the properties of nuclei for

decades. This statement is especially applicable to recent experiments in inverse kine-

matics, partially due to the fact that deuteron targets are inexpensive and relatively

easy to make. Furthermore, reaction protons are emitted preferentially at backward

laboratory angles where the elastic scattering does not interfere. However, the (d, p)

reaction only gives us a direct measure of the characteristics of neutron levels in nuclei.

In many nuclei, such as proton-rich 56Ni, it is the proton levels that are more interest-

ing for astrophysics. However, to study these levels, another tool is needed. It would

also be convenient to be able to utilize similar techniques and methods as have been

developed for (d, p) reaction studies. (d, n) reactions could be an excellent mirror to

(d, p), but detecting neutrons is more difficult. Furthermore, since many of the nuclei

of interest are unstable, these measurements would likely be done in inverse kinematics.

As with (d, p), it will be important to cover the area around 90◦ in (d, n) studies. For

this reason, the Versatile Array of Neutron Detectors at Low Energy (VANDLE) has

been under development at ORNL with leadership from Rutgers University.

VANDLE incorporates two sizes of plastic detector modules so an experimental

setup can be customized and tailored to its geometric and efficiency requirements. The

bars of one set are shorter and thinner (3 cm x 3 cm x 60 cm), designed for the detection

of neutrons in the energy range 200 keV ≤ En ≤ 3 MeV. These would be arranged in

an array similar to SIDAR at backward laboratory angles. A set of larger bars (5 cm
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Figure 7.4: Schematic of one possible configuration for VANDLE. Shown here are
the large VANDLE bars forming a box around the target analogous to ORRUBA
with the smaller VANDLE bars are fit into an array around the target, similar to
SIDAR.

x 5 cm x 200 cm) are designed to detect higher energy neutrons, 1 MeV ≤ En ≤ 20

MeV. Every plastic scintillator bar has a photomultiplier tube coupled to each of its

ends. Neutrons scatter off of the protons in the plastic, inducing light in the scintillator.

Most of the light is internally reflected to the ends, but the bars are wrapped in light

tight material to reflect stray light. Figure 7.4 shows a configuration of VANDLE that

could be used for (d, n) measurements. Currently VANDLE has 60 small bars and 10

large bars assembled. A proposal has been approved for the National Superconducting

Cyclotron Laboratory (NSCL) to measure the 56Ni(d, n) reaction in conjunction with

the neutron detector array MONA [Pet11].
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7.3 Concluding Comments

The measurements of this dissertation are only a tiny fraction of the over all answer to

the big question of how all the elements in the universe formed. A great deal of work

has been done in this field and yet a great deal more is still to be done. The Facility for

Rare Isotope Beams (FRIB) being built at Michigan State University will allow future

researchers access to beams that have been previously out of our reach. We will be

able to explore the proton and neutron driplines, which form the very edge of nuclear

existence. Beyond the driplines, the nuclei will no longer be bound. Many models for

nucleosynthesis require us to explore the nuclei far away from stability and understand

their structure. Examples include the r-process believed to occur in supernovae where

the neutron flux is so high that much of the matter in the star is very neutron-rich.

Another model is the rp-process thought to occur in x-ray bursts, where the high flux

of protons pushes matter towards the proton dripline. Of particular interest are nuclei

around the doubly magic nuclei, such as 78Ni or 100Sn. Currently, studies of nuclei like

these are limited by the low beam intensities available and the low cross sections (<

mb) for the reactions of interest. Of particular interest are reactions occurring around

doubly magic nuclei such as 56Ni or 100Sn, where both the proton and neutron shells

are closed. The next generation of facilities like FRIB will have much higher beam

intensities that will allow future researchers to continue the process of gathering pieces

of the larger picture of the synthesis of elements.
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