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ABSTRACT

Breakout Reactions from the CNO−cycle

Louis Joseph Jisonna, Jr.

Breakout reactions from the CNO cycles leading into the rp-process in explosive stel-

lar hydrogen burning environments have been studied using the Argonne Tandem Linac

Accelerator System (ATLAS). Earlier work is reported and summarized with an introduc-

tion to the beam, target and detector development in the nuclear astrophysics group at

Argonne National Laboratory. The 18Ne(α,p)21Na reaction has been studied via the time

inverse reaction p(21Na,α)18Ne. A 5 × 10−5 particle nanoamp 21Na beam was produced at

the ATLAS in-flight facility via the p(21Ne,n)21Na reaction. Cross sections were obtained

at five energies covering the region between 9.4 ≤ Ex ≤ 9.9 MeV in the compound nucleus

22Mg, and compared with previous measurements. The 19Ne(p,γ)20Na reaction was also

studied by populating proton unbound states via the 3He(20Ne,t)20Na∗ reaction. We have

observed for the first time evidence for the γ-decay of the astrophysically important 2.645

MeV state in 20Na. Branching ratios obtained for the first two proton unbound states in

20Na were Γp/Γγ(2.645 MeV) = 15.1+28.8
−8.9 and a lower limit of Γp/Γγ(2.849 MeV) ≥ 26.0

(1-σ CL). The experimental branching ratios were compared with theoretical predictions
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based on shell-model calculations and on the properties of mirror states in 20F. Our results

favor a Jπ = 1+ assignment for the 2.645 MeV state and a Jπ = 3+ for the 2.849 MeV at

the 1-σ confidence level. Our result also suggests that the resonance strength for radiative

capture through the 2.645 MeV state is close to the value ωγ ≈ 6 meV, in agreement with

the value calculated assuming it to be the mirror of the 3.172 MeV intruder state in 20F

with a 6p2h configuration.
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Introduction

Over the past few decades, there has been much interest and emphasis on making

laboratory-based measurements of a wide range of observed cosmic phenomena from the

afterglow of the primordial Big Bang to supernova explosions. The far-reaching goals

of nuclear astrophysics are to understand these phenomena, to explain the astronomi-

cal observations such as the light curves of explosive events and the cosmic abundances

of the elements, and to incorporate these into a coherent picture of the observable uni-

verse. Many of these phenomena are understood to be the result of nucleosynthesis, which

provides the energy that powers the stars and “cooks” the lighter elements into heavier

elements. Nuclear burning processes also define the various stages of stellar evolution,

and can be classified into two major categories – quiescent (or “normal”), and explo-

sive. Normal burning involves primarily reactions with stable isotopes, while explosive

processes, such as supernovae, novae and X-ray bursts (XRBs), involve unstable nuclei.

The available nuclear fuel (composition) and physical conditions (temperature and den-

sity) determine the type of nuclear processes involved and the rate at which they occur.

Nuclear reactions that bridge the gap between quiescent and explosive processes in novae

and X-ray bursts are of particular interest. In proton-rich environments, three reaction

pathways have been identified that can bridge this gap. All three of these reactions have

been studied using the Argonne Tandem Linear Accelerator System (ATLAS).
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This thesis describes the experiments performed at ATLAS to study these reactions,

with particular emphasis on the 19Ne(p,γ )20Na reaction. Chapter 1 provides the back-

ground and astrophysical motivation for this work, beginning with a brief outline of the

astrophysical environments for stellar hydrogen burning in Section 1.1. The CNO-cycles

and “breakout” are defined in Section 1.2, and a brief introduction to the theoretical

nuclear astrophysics needed for this thesis is given in Section 1.3. A brief summary is

provided in Section 1.4. Chapter 2 describes the experimental methods used in this work

including the production of radioactive ion beams in Section 2.1. A brief description of

the targets used is given in Section 2.2. The detection techniques, detectors, and ex-

perimental setups are described in Section 2.3. A survey of the earlier work is given

in Chapter 3. Chapter 4 describes the two experiments that were performed to study

the 19Ne(p,γ)20Na reaction by determining the resonance parameters of the 2.645 MeV

state in 20Na. Conclusions and future outlook concerning the 19Ne(p,γ)20Na reaction are

discussed in Chapter 5.
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CHAPTER 1

Nuclear Astrophysics Background and Motivation

1.1. Astrophysical environments and conditions

Many nuclear processes occur in stellar environments, which have been proposed and

summarized in the seminal “B2FH” paper [13]. The primary focus of this thesis is on

hydrogen burning. Two general classifications discussed in the literature are referred to

as “normal” or quiescent burning, and “explosive” burning, also known as thermonuclear

runaway [14, 3]. These terms reflect the rate at which the energy is generated in various

astrophysical environments. The following is a brief summary of the physical conditions

present where the H-burning plays a significant role. Estimates of the temperatures and

densities in the various astrophysical environments are used to determine the important

nuclear reactions and the energies at which they take place.

1.1.1. “Normal” or quiescent stellar hydrogen burning environments

“Normal” or quiescent stellar H-burning refers primarily to the way stars generate energy

in their cores during the main sequence phase of stellar evolution by converting hydrogen

into helium. The two major processes by which stars convert hydrogen to helium are

called the Carbon-Nitrogen-Oxygen (or CNO-) cycle, described in Section 1.2, and the

proton-proton (or pp-) chaina. The CNO cycle, independently proposed by Bethe [16]

aThe pp-chain is not relevant for the purposes of this thesis. For details, see the Rolfs & Rodney [2], or
Clayton [15] texts.
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and von Weizsäcker [17], is the dominant source of energy generation in the cores of stars

with masses greater than ≈ 1.5 times the mass of the sunb. One solar mass is ≈ 2 ×

1033 grams and is commonly denoted MJ. Temperatures in the core typically range from

T9 ≈ 0.01 – 0.05, where T9 is in units of 109 K (also denoted GK), at densities of ρ ≈ 2

– 200 g cm−3. Under these conditions, the stellar plasma behaves as a “normal” gas, i.e.

one that obeys the ideal gas equation of statec, PV = NkT, which serves as a regulatory

mechanism on the nuclear reaction rates and allows normal stars, with M ≈ 1 MJ, to

burn hydrogen at a relatively constant rate for periods of the order of 109 years.

Quiescent H-burning also occurs in the shells of stars during the asymptotic giant

branch (AGB) phase. Shell burning requires higher temperatures, T9 ≈ .05 – .08, to

offset the lower densities ρ ≈ 2 × 10−2 g cm−3 outside the core [1]. Shell burning is also

regulated by the ideal gas equation of state.

1.1.2. Explosive hydrogen burning environments

Explosive hydrogen burning ([14], reviewed in [3]) is associated with stellar explosions

such as novae and X-ray bursts (XRBs). Both novae and XRB’s have been observed to

be recurrent events. The “standard” scenario for both events is similar and is shown in

Figure 1.1. They are both attributed to binary star systems, consisting of an evolved,

compact star and a normal or red giant star, separated by distances small compared to

bBethe originally called it the CN-cycle and proposed it as the dominant source of energy production in
the Sun. It was later determined that the core temperatures in the Sun were too low. (Rolfs & Rodney
[2])
cThe equation of state usually varies as a function of the stellar radius. For the purposes of this discussion,
it is sufficient to note that the behavior of the gas in the nuclear burning region can be described by the
ideal gas law.
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the sum of their diameters. For novae, the compact object is a white dwarf, for XRBs the

compact object is a neutron star.

Figure 1.1. The “standard model” scenario for X-ray bursts and Novae.
A binary system consisting of a “donor star,” and a compact object such
as a neutron star or white dwarf, are gravitationally bound in a close or-
bit. Hydrogen rich material from the outer envelope of the normal star is
transferred to the compact object via an accretion disk. When the ma-
terial falling onto the object ignites, the resulting thermonuclear runaway
produces a dramatic increase in luminosity.

In a close binary system, the gravitational and tidal forces of the two objects form

an equipotential surface called the Roche lobe and cancel at the Lagrange point, L1.

For each star, material contained within its Roche lobe is gravitationally bound to that

object. When the outer radius of the larger star extends beyond its Roche lobe, the

hydrogen-rich material can be transferred to the compact star, usually via an accretion
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disk [18, 19]. As the material falls onto the surface of the compact star, it is compressed

and heated until it ignites under degenerate gas conditions. The temperature, and hence

the rate of the nuclear reactions, increases rapidly resulting in an explosive outburst or

thermonuclear runaway [20], which is observed as a sharp increase in luminosity over a

short period of time, followed by an exponentially decaying tail. Typical temperatures

during the outburst range from T9 ≈ 0.2 – 0.35 in novae and occur on a timescale of 103

to 104 seconds with an increase in luminosity of ≈ 104 – 106. Because of the higher tem-

peratures T9 ≈ 0.5 – 2 and densities ρ ≈ 106 g cm−3 near the surface of the neutron star,

thermonuclear ignition is thought to occur via the hot CNO cycles, which are described

in the next section. The initial phase of the burning is temperature independent [1] so,

as the temperature increases the energy generation remains constant. A thermonuclear

runaway cannot occur until the energy generation becomes sensitive to temperature. For

XRBs, the HCNO cycles occur on a timescale of ≈ 200 s, while the thermonuclear run-

away during which the energy generation increases from 1017 to 1019 erg g−1 s−1, occurs in

less than a second [14]. The rapid increase in the energy generation rate is the signature

of CNO cycle breakout processes. In this case, the runaway is believed to be initiated by

helium burning via the triple-α process and by the 15O(α,γ)19Ne reaction. Shortly after

the ignition, when the temperature reaches T9 ≥ 0.3, the 18Ne(α,p)21Na reaction begins

to dominate over the β-decay 18Ne(e+ν)18F (τ1/2 = 1.67 s), rapidly converting the CNO

isotopes into heavier nuclei via the rp-process. Therefore, an experimental rate for the

18Ne(α,p)21Na reaction is necessary to constrain the theoretical calculations for this phase

of the runaway. Temperatures continue to rise to T9 ≈ 0.8 – 2 at densities ρ ≈ 106 –
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107 g cm−3, depending on the column depth in the accreted layer where the burning is

initiated.

The temperature and density regimes for these various astrophysical environments are

illustrated in Figure 1.2.

Figure 1.2. Density and temperature conditions in various astrophysical
environments. (Taken from Ref [1])

For explosive hydrogen burning, the CNO cycles initially play an important role.

However, they are insufficient to produce the observed increase in luminosity in novae

and XRBs. Rapid proton capture, or the rp-process, is expected to be the major source

of energy generation in these events. Nuclear reactions that provide a link between these

two reaction networks are of particular interest. The network calculations used to model

these phenomena depend critically on the associated reaction rates [1], particularly for the

slowest, or “bottleneck”, reactions. For these “key” reactions, experimental data is nec-

essary to constrain the reaction rates, and hence, to accurately model these phenomena.
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The reaction networks and the critical reactions that have been identified are described

in the following section.

1.2. The CNO-cycles, HCNO- cycles, and “breakout” reactions

1.2.1. The CNO cycles

The standard CNO cycle is a closed network of nuclear reactions consisting of radiative

proton captures, β-decays and a (p,α) reaction that convert hydrogen to helium in stellar

environments, using carbon and nitrogen as catalysts. This CNO cycle proceeds through

the following series of reactions

12C(p,γ)13N(β+νe)
13C(p,γ)14N(p,γ)15O(β+νe)

15N(p,α)12C.

The net result is the conversion of hydrogen into helium, releasing energy:

(1.1) 4p → α + 2νe + 2β+ + 24.688 MeV

This reaction sequence is sometimes referred to as the “cold” CNO cycle. For quies-

cent burning, the energy generation rate depends on the rate of slowest reaction in the

sequence, which is the proton capture on 14N. The proton capture rate is hindered by

the Coulomb barrier, and because the particle velocities and hence, their energies, are

described by a Maxwell-Boltzmann distribution function (Section 1.3, the reaction rate is

temperature dependent. Therefore, increasing the temperature increases the rate at which

energy is generated. At higher temperatures, proton capture on higher Z nuclei becomes

possible and more reaction channels become available, leading to additional CNO-cycles,

illustrated in Figure 1.3. Each of the four CNO-cycles yields the same net result as Eqn
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(1.1); four hydrogen nuclei are converted to one helium nucleus, releasing the same amount

of energy per cycle.

Figure 1.3. Schematic representation of the four CNO cycles. Cycle I, also
called the CN-cycle, was first proposed by von Weisäcker and by Bethe.
Cycles I and II are collectively known as the CNO bi-cycle. The exact
pathway along this network depends on temperature, density and compo-
sition. Multiple cycles may operate simultaneously. (Rolfs & Rodney [2])

1.2.2. The hot-CNO cycles

The energy generation rate of the CNO-cycles continues to increase with temperature

until the timescale for proton capture on 13N becomes comparable to the β-decay lifetime
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of 13N (τ1/2 = 9.97 minutes). At this point, the 13N(β+ν)13C decay is bypassed by the

13N(p,γ)14O reaction, leading to the reaction sequence

12C(p,γ)13N(p,γ)14O(β+ν)14N(p,γ)15O(β+ν)15N(p,α)12C.

The net result is the same as for the “cold” CNO cycles. However, the energy generation

occurs at a much faster rate and continues to increase with temperature. In order to

proceed to heavier nuclei the reaction network must bridge the proton-unbound nuclei

15F and 16F. Because these nuclei are unbound, the conversion rate of hydrogen to helium

becomes limited by the β-decay of the so-called “waiting point” nuclei 14O and 15O,

with τ1/2 = 70.6 and 122.2 s, respectively. The energy generation rate reaches an upper

bound and becomes independent of temperature. For this reason, the resulting network

of reactions is called the β-limited, or hot-CNO (HCNO) cycle. When the temperatures

reach T9 ≈ 0.4, α-induced reactions become competitive, which bypass the waiting point

nuclei via the sequence [3]

14O(α,p)17F(p,γ)18Ne(β+ν)18F(p,α)15O.

Because 19Na is proton unbound proton capture on 18Ne cannot take place, but because

the 18Ne half-life, τ1/2 = 1.67 s, is shorter than that of 14O and 15O, 18Ne is not considered

a “waiting point” of the network. However, the production of 18Ne provides another

possible path for higher mass flow as discussed in the following section.

1.2.3. Breakout reactions

For temperatures T9 ≥ 0.5, additional α-induced reactions, such as (α, γ) and (α,p),

can occur that produce nuclei that do not cycle back into CNO material. This leakage

of CNO material into heavier elements is commonly referred to as “breakout” from the
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CNO-cycles. The nucleus 19Ne is an important gateway since the reaction Q-values for

nuclei with A ≥ 20 prohibit any sequences that can cycle back into CNO material. The

nucleus 19Ne β-decays, with τ1/2 = 17.22 seconds, to 19F which, at lower temperaturesd

and densities, cycles back into CNO material via 19F(p,α)16O(p,γ)17F (see Figures 1.3

and 1.6). The following three breakout reaction pathways through or around 19Ne have

been identified:

a. 18F(p,γ)19Ne(p,γ)20Na

b. 18Ne(α,p)21Na

c. 15O(α,γ)19Ne(p,γ)20Na

All three of these pathways have been investigated at ATLAS. The 18F(p,γ)19Ne re-

action in path (a) was studied prior to this work and the results are summarized in

Section 3.1. Path (b) has been studied via the time-inverse reaction 21Na(α,p)18Ne and

the results are reported in Section 3.2. The last pathway (c) has been studied in two

parts. The 15O(α,γ)19Ne reaction was studied by populating states in 19Ne and observing

the decay particles, as described in Section 3.3. The 19Ne(p,γ)20Na reaction, which is the

primary focus of this thesis, is discussed in Chapter 4.

The HCNO cycles and breakout reactions are shown schematically in Figure 1.4.

As stated previously, HCNO-cycle breakout is characterized by an increase in the

energy generation rate by a factor of 100 or more than given by the HCNO cycle alone

[14]. Figure 1.5 shows the energy generation rate vs. temperature calculated for solar

H and He abundances at ρ = 106 g cm−3. After breakout, explosive H-burning proceeds

dTypically, for temperatures T9 ≈ 0.3, the β-decay rate of 19Ne can compete with the proton capture rate.
The critical temperature at which proton capture becomes dominant strongly depends on the density and
composition of the accreted material, and on the depth in the accreted layer where ignition takes place.
(Fisker, et al 2007)
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Figure 1.4. The HCNO cycles and onset temperatures for each breakout
path. The dominant path is shown by the heavy arrows. The weaker
path becomes important at higher temperatures, indicated by the lighter
arrows. The three possible breakout paths are depicted by the dashed
arrows. (Adapted from Ref [3])

through a series of (p,γ) and β+-decays, which can compete with (α,p) reactions for some

nuclei, quickly producing elements up to and beyond the iron group. The process is

qualitatively similar to the r-process for rapid neutron capture, and has therefore been

called the rapid proton (rp) process.

The CNO-cycles, breakout paths, and onset of the rp-process are shown in Fig-

ure 1.6 (taken from [4]). The neighboring neon-sodium (NeNa) and magnesium-aluminum
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Figure 1.5. Energy generation as a function of temperature for the CNO-
cycles and breakout. (Taken from Ref [1]) The flat region is characteristic
of the hot CNO cycles. Thermonuclear runaway can be triggered by either
the triple-α process (dotted line) or by the CNO-breakout processes such
as the 15O(α,γ )19Ne reaction. For solar hydrogen and helium abundances
at a density of ρ = 106 g cm−3, the ignition temperature for thermonuclear
runaway is ≈ 0.3 GK.

(MgAl) cycles as well as α-induced reactions are also shown for completeness. The NeNa-

and MgAl-cycles are not the subject of this thesis. However, it should be noted that

these (and other) cycles might occur simultaneously whenever these isotopes are present,

whether or not CNO-cycle breakout occurs.
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Figure 1.6. The CNO and hot CNO cycles and onset of the rp-process.
Another way to represent a nuclear reaction network schematically is to
show the region of interest in the Chart of the Nuclides, with proton number
(Z) vs. neutron number (N). The nuclei shaded in gray are stable and the
arrows indicate the various reaction paths. 19Ne has been referred to as a
gateway for breakout as described in the text. (Taken from Ref [4])
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1.3. Relevant Nuclear Astrophysics

1.3.1. Reaction rates for non-resonant processes

This section introduces the nuclear astrophysicse relevant for this thesis. The quantity of

astrophysical interest is the thermonuclear reaction rate, which for a reaction of the form

1 + 2 → 3 + 4, is given by

(1.2) r = N1N2

∫ ∞

0

σ (v)Φ (v) vdv

where N1 andN2 represent the number of particles 1 and 2 respectively. The integral,

which represents the reaction rate per particle pair, contains the nuclear reaction cross

section σ(v) folded with the Maxwell-Boltzmann velocity distribution Φ(v)

(1.3) Φ (v) = 4π
( µ

2πkT

)3/2

v2 exp

(
− µv2

2kT

)

where µ is the reduced mass, k is the Boltzmann constant, T is the temperature, and v is

the relative velocity between particle 1 and particle 2. The cross section, σ(v) depends on

the relative velocity of the two particles which is determined by the Maxwell-Boltzmann

distribution. The quantity r in Eqn (1.2) therefore represents the probability that a

thermonuclear reaction will occur. In terms of particle energy the reaction rate per particle

pair can be expressed

(1.4) 〈σv〉 =

√
8

πµ
(kT )−3/2

∫ ∞

0

σ (E) E exp

(
− E

kT

)
dE

eFor a more complete treatment, see Rolfs & Rodney [2] or Clayton [15].
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The total reaction rate (Eqn 1.2) can be written as

(1.5) r12 = N1N2 〈σv〉

The energy generated by a nuclear reaction is the Q-value, which for the reaction 1 + 2

→ 3 + 4, is given byf:

(1.6) Q = (m1 + m2 −m3 −m4) c2

The energy generated in a thermonuclear reaction is given by the product of the total

reaction rate and the Q-value, ε12 = Qr12, and has units of ergs s−1 cm−3. This quantity

is usually written in terms of the density ρ of the stellar material, so that ε12 = Qr12/ρ,

in units of ergs s−1 g−1. For energy to be released in a given reaction, the Q-value must

be positive. However, at high enough temperatures, the inverse reaction can also occur

(3 + 4 → 1 + 2), which is endoergic with ε34 = −Qr34/ρ. Then the net energy generated

is given by

(1.7) εnet = ε12 + ε34 = (r12 − r34) Q/ρ

fIt is better to use atomic masses in the Q-value calculation because this will automatically account for
the electrons or positrons emitted in β-decay. The difference between atomic and nuclear Q-values is
given by the differences of the electron binding energies in the entrance and exit channels (Qatomic =
Qnuclear + ∆Be).
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1.3.2. Non-resonant Reaction rates involving charged particles

When charged particles are involved in a nuclear reaction, one must take into account the

Coulomb barrier, given by

(1.8) VC =
Z1Z2e

2

r
≈ Z1Z2

(R1 + R2)
1.44 MeV fm

Here e is the fundamental electric charge unit, Z1,2 and R1,2 are the nuclear charge

and radii of the particles in the entrance channel, respectively. The nuclear radii can

be approximated by R ≈ 1.2 A1/3 fm. The Coulomb barriers for the 18Ne(α,p)21Na

and 19Ne(p,γ)20Na reactions are approximately 5.7 and 3.4 MeV, respectively. Most

stellar thermonuclear reactions occur at temperatures and energies that are far below

the Coulomb barrier. Even at T9 = 1, well into the thermonuclear runaway phase of an

XRB (Figure 1.5, the Boltzmann factor is only kT = 86 keV. At energies well below the

Coulomb barrier, the barrier penetration probability can be approximated by

(1.9) P = exp (−2πη)

Where η is the Sommerfeld parameter

(1.10) η =
Z1Z2e

2

~v
=

Z1Z2e
2

~

√
2µ

E

The exponential behavior of the tunneling probability causes the cross section to decrease

rapidly for energies below the Coulomb barrier. The cross section σ(E) in Eqn (1.4) can

be thought of as a geometrical area, which in quantum mechanical terms is governed by

the deBroglie wavelength λ̄ = m1+m2

m2

~√
2m1E1

, where E1 is the kinetic energy of particle 1
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with mass m1 incident on a target particle at rest with mass m2. Combining the barrier

penetration term with the geometrical cross section σ (E) = πλ̄2 ∝ 1
E

, we can write the

energy dependent cross section for charged particles as

(1.11) σ (E) =
1

E
S (E) exp (−2πη)

All nuclear effects beyond phase space and penetrability are contained in the function

S(E), which is called the astrophysical S-factor and is defined by this equation. While

not essential for the purposes of this thesis, the S-factor is worth noting because it appears

often in the literature. S(E) varies smoothly with energy for non-resonant reactions and is

less sensitive to the laboratory incident beam energy than the cross section. Historically,

therefore, the S-factor has been useful in extrapolating cross sections measured at energies

above the Coulomb barrier, to astrophysical energies. Inserting Eqn (1.11) into Eqn (1.4)

gives

(1.12) 〈σv〉 =

√
8

µπ
(kT )−3/2

∫ ∞

0

S (E) exp

[
− E

kT
− b√

E

]
dE

The quantity b is given by

(1.13) b =
√

2µ π e2Z1Z2/~

The square of this quantity is called the Gamow energy, EG. Neglecting any dependence

of S on energy, the two exponential terms determine the energy dependence of Eqn (1.12).

The first term in the exponential is due to Boltzmann distribution, which drops off rapidly

with energy. The second term is the penetrability of the Coulomb barrier, which increases
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rapidly with energy. The product of these two terms gives rise to a maximum value of

the integrand at energy E0 called the “Gamow peak”. Obtaining the maximum (i.e. least

negative value) of the exponent by setting its first derivative to zero gives

(1.14) E0 =

(
bkT

2

)2/3

= 0.122
(
Z2

1Z
2
2µ

)1/3
T

2/3
9 MeV

The exponential term in (1.12) can be approximated by a Gaussian function

(1.15) exp

(
− E

kT
− b√

E

)
≈ exp

[
−

(
E − E0

∆/2

)]

with a characteristic 1/e width determined by matching the second derivatives of both

sides of Eqn (1.15).

(1.16) ∆ = 4

(
E0kT

3

)1/2

= 0.2368
(
Z2

1Z
2
2µ

)1/6
T

5/6
9 MeV

This width defines the energy window in which most of the reactions take place and is

called the Gamow window associated with the Gamow peak at E0. Figure 1.7 shows

the relative probabilities of the energy dependent terms of Eqn (1.12) and the calculated

Gamow peak E0 = 351 keV with full width of the Gamow window ∆ = 284 keV for the

19Ne(p,γ)20Na reaction at T9 = 0.5. The peak of the Maxwell-Boltzmann distribution kT

= 43 keV is also shown.

1.3.3. Resonant reactions and the compound nucleus

Many astrophysical reactions of interest proceed through resonances in the compound

nucleus. Compound nuclear reactions can be represented as two-step processes 1 + 2
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Figure 1.7. The relative probabilities of the energy dependent terms gov-
erning the reaction rate for non-resonant charged particles. The Boltzmann
distribution (black), penetrability (blue) and the Gamow peak (red) are
shown for 19Ne + p at T9 = 0.5.

→ Cr → 3 + 4. A resonance in the compound nucleus, Cr, at energy Er is first formed

in the entrance channel. Once formed, the state can decay by γ-emission, or by particle

emission to a different “daughter” nucleus or back to the same particles in the entrance

channel. The subsequent decay is independent of the how the state was formed. The

process is shown schematically in Figure 3.2 for the p(21Na,α)18Ne experiment. For an

isolated, narrow resonance, in which particle 1 and particle 2 combine to form a state r
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centered at energy Er the cross section is given by the Breit-Wigner formula

(1.17) σ (E) = πλ̄2 2Jr + 1

(2J1 + 1) (2J2 + 1)

Γ1Γ3

(E − Er)
2 + (Γ/2)2

where Ji represents spin of particle i and Γi the partial width for emitting particle i. The

total width of the resonance is given by the sum of the partial widths

(1.18) Γ =
∑

i
Γi

The Breit-Wigner formula is strictly valid only for isolated resonances, in which the sep-

aration of energy levels is larger than the widths, and narrow resonances, in which the

total width is much smaller than the resonance energy. Integration of the Breit-Wigner

formula leads to

(1.19)

∫ ∞

0

σBW (E) dE = πλ̄2
rωΓ1Γ3

∫ ∞

0

1

(E − Er)
2 + (Γ/2)2dE = 2π2λ̄2

rω
Γ1Γ3

Γ

The product of the statistical spin factor, ω, and the ratio of the widths, γ = Γ1Γ3/Γ, is

called the “resonance strength”:

(1.20) ωγ =
2Jr + 1

(2J1 + 1) (2J2 + 1)

Γ1Γ3

Γ
= ω

Γ1Γ3

Γ

The integrated cross section for an isolated, narrow resonance can be calculated from

the resonance strength, and combining these into the expression for the reaction rate per

particle pair (Eqn 1.4), we obtain

(1.21) 〈σv〉 =

(
2π

µkT

)3/2

~2 (ωγ)r exp

(
−Er

kT

)



41

For the narrow resonance case, the stellar reaction rate can be calculated from the res-

onance parameters Er and ωγ that can be measured in the laboratory. If the reaction

of interest has several narrow resonances within the Gamow window, the contribution to

the reaction rate from each resonance can be summed:

(1.22) 〈σv〉 =

(
2π

µkT

)3/2

~2
∑

i
(ωγ)i exp

(
− Ei

kT

)

1.4. Summary

In order to understand the energy generation mechanisms that power the observed

astrophysical phenomena discussed above and to test the theoretical models for ther-

monuclear burning at these extreme conditions, the network calculations need to be im-

proved. Experiments provide the data (i.e. – resonance strengths, cross sections, etc.)

necessary to better constrain the network calculations. The focus of this work is to mea-

sure key reaction parameters for the three CNO-cycle breakout reactions that lead to the

rp-process.
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CHAPTER 2

Radioactive Ion Beam production and detector setups at the

ATLAS facility

2.1. In-flight Production of Radioactive Ion Beams (RIBs)

The three possible reaction pathways breaking out of the CNO cycles (identified in

Section 1.2.3) have been studied using the Argonne Tandem Linear Accelerator System

(ATLAS). As is the case for many nuclear reactions of astrophysical interest, the CNO

cycle breakout reactions involve radioactive nuclei with half-lives ranging from a few

seconds to a few hours. Radioactive targets would often require handling prohibitively

large amounts of radioactivity and in any event are limited to nuclei with half-lives of

a few hours or longer. Therefore, the development and use of radioactive ion beams

(RIBs) is essential to studying these reactions. Three techniques for producing RIBs

of short-lived nuclei have been developed around the world – isotope separator on-line

(ISOL) [21], projectile fragmentation [22, 23, 24], and in-flight production [25, 26].

The ISOL method uses radioactive isotopes that have been produced by neutrons from a

reactor or by the beam of a driver accelerator impingent upon a thick production target.

A second device is used to accelerate the isotopes of interest after they have diffused

out of the production target, making it difficult to produce beams of shorter-lived (≤ 1

second) isotopes. The projectile fragmentation method uses heavy-ion beams at around

50 – 100 MeV per nucleon impingent upon a thin primary target. The beam fragments
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are separated electromagnetically and delivered to the experimental area with energies

comparable to that of the incident primary beam. The in-flight technique is similar to

projectile fragmentation, using lower mass beams, A ≤ 40, of lower energies impingent

upon a thin primary production target to produce secondary beams of radioactive isotopes

with energies of a few MeV/u. The in-flight technique is therefore better suited for

studying astrophysical reactions, which typically take place with energies ≤ 2 MeV/u.

Each of these techniques has its advantages and drawbacks, which have been summarized

by Smith and Rehm [27]. The nuclear astrophysics group at Argonne has developed an

in-flight production facility [28, 5], which has been used in the present work. In contrast

to projectile fragmentation, the in-flight method can utilize lighter mass primary beams

to produce secondary beams at energies that can be changed by varying the incident

primary beam energy. Single nucleon transfer reactions, such as (d,n) and (d,p) or the

charge exchange reaction (p,n), have primarily been used at ATLAS to produce isotopes

one or two nucleons beyond stability with masses ranging from A = 6 – 37a. These

reactions are most effective because they have relatively large cross-sections and their

angular distributions are forward peaked. With a heavy beam incident on a light target, or

“inverse kinematics” the center-mass angles are compressed by a factor of 10 or more when

transformed to the laboratory frame improving the transmitted intensity of the secondary

beam [29]. Because the beams are produced by nuclear reactions, their intensities are

generally 4 to 8 orders of magnitude weaker than the primary beam. Thicker targets

degrade the quality of the beam, increasing both the energy and angular spread. The

challenge is to maximize the intensity of the secondary beam while minimizing the energy

ahttp://www.phy.anl.gov/atlas/facility/radioactive beams.html
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spread and the size of the beam spot. For details of the in-flight facility at ATLAS,

including the beam transport system and a summary of the beam tuning procedure,

see Harss et al. [5]. The following discussion briefly describes the production of the

radioactive beams used in this work – a 21Na beam to study the 18Ne(α,p)21Na reaction

via the time inverse reaction p(21Na,α)18Ne (Chapter 3), and a 19Ne beam used to measure

the 3He(19Ne,d)20Na angular distribution (Chapter 4).

A series of 3.75-cm long gas production cells have been constructed [28, 5] and installed

in the ATLAS beam line 15 meters upstream of the experimental target area. The gas

cells are filled with isotopes of hydrogen or helium and cooled with liquid nitrogen. For

producing the 21Na (τ1/2 = 22.48 s) beam via the d(20Ne,n)21Na reaction, the production

gas cell was filled with D2 at a pressure of 700 mbar and maintained at 83 K, for an

overall thickness of 1.53 mg cm−2. A primary 20Ne beam was accelerated to 135 MeV

and focused onto the gas cell. Because the 20Ne ions in the primary beam are heavier

than the deuterium nuclei, energy and momentum conservation require that the reaction

products be forward-focused to within a cone with small opening angles, < 4◦ in this case.

The emerging 21Na beam was refocused and delivered to a secondary target area through

an ion-optical transport system consisting of a refocusing superconducting solenoid, a

debunching resonator and a bending magnet, as shown in Figure 2.1.

The refocusing solenoid is used to capture the reaction products and focus them

through a 22◦ bending magnet, which selects and steers the secondary beam to the ex-

perimental target area. A superconducting debunching resonator located between the

production cell and the bending magnet is used to reduce the energy spread of the sec-

ondary beam by matching the RF phase of the resonator with the correlated energy and
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Figure 2.1. The ATLAS in-flight beam production facility shown for the
production of a 21Na beam via the d(20Ne,n)21Na reaction (Adapted from
Ref [5]).

time of the secondary beam. The time correlation is further enhanced by using another

superconducting “bunching” resonator (not shown) 10 meters upstream of the produc-

tion target, providing a time focus of the primary beam at the gas cell. By tuning the

resonators, the energy spread of the emergent secondary beam was reduced by a factor

of ≈ 3 and the beam current was improved by a factor of ≈ 2 [5]. The bending magnet

separates the secondary beam from the primary beam according to their magnetic rigidity

(see next section), resulting in suppression of the primary beam by a factor of ≈ 10−6

[30].
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The gas cells are enclosed at either end by 1.9 mg cm−2 Havar r© foils. The secondary

beams are produced with energies determined by the reaction kinematics for the energy of

the primary beam at the point of the reaction. The secondary beams must then traverse

the remainder of the gas cell and the exit foil before being directed to the experimental

target. Energy loss calculations were performed using the SRIM 2006 code [31] to deter-

mine the energy spread and straggling of the primary and secondary beams. For the first

p(21Na,α)18Ne reaction study the incident 20Ne energy was 135 MeV and the calculated

energy loss in the Havar entrance foil was 6.5 MeV. The primary 20Ne beam entered the

3He gas volume with 128.5 MeV and lost 11.9 MeV through the length of the gas cell.

The d(20Ne,n)20Na reaction therefore took place with energies ranging from 128.5 – 116.6

MeV. For the d(20Ne,n)21Na reaction at the beginning of the gas cell the secondary 21Na

particles emitted in the forward direction had energies of 127.6 MeV. These 21Na ions lost

13.9 MeV through the gas and emerged with 113.7 MeV. The 21Na ions produced at the

end of the gas cell had energies of 115.7 MeV. The energy spread of the secondary beam

due to the thickness of the gas cell was therefore 2 MeV. For comparison, the calculated

energy straggling in both the primary and the secondary beam was 120 keV.

The bending magnet, solenoid, and resonators were adjusted to select a narrow range

of energy determined by the momentum acceptance of the magnet, ∆p/p. The details of

beam tuning are beyond the scope of this thesis. To summarize, the primary beam was

first tuned without the gas cell in place, and then re-tuned through the gas cell. The

bending magnet settings were then scaled for the secondary beam by the ratio
√

mE/q,

where m is the mass, E is the kinetic energy and q is the atomic charge state of the

ion. The energies of both the primary and the secondary beams were measured in the
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spectrograph (discussed in the following section), which was calibrated using an alpha

source. The bending magnet, refocusing solenoid and debunching resonator were re-

tuned to minimize the on-target ratio of the primary beam to the secondary beam and

to minimize the energy spread while maximizing the intensity of the secondary beam.

Adjustable slits located between the bending magnet and the experimental target area

provide an additional way to control the energy spread and purity of the beam by limiting

size of the beam spot and by blocking portions of the low-energy tails of the scattered

beams.

The magnetic spectrograph (described below) was positioned at zero degrees and used

to measure the secondary beam energy at the beginning, the end and intermittently

throughout the experiment. At the start of the p(21Na,α)18Ne experiment, the energy

measured in the spectrograph was 113.7 MeV for the 20Ne10+ and 110.3 MeV for 21Na11+,

with a full-width at half-maximum of 2 MeV, in good agreement with the calculated energy

spread. During the production runs a 100 µg cm−2 gold foil was placed in the spectrograph

scattering chamber and the scattered 21Na beam counted in the spectrograph. The beam

current was (2.5 – 5) × 10−5 particle nanoamps (pnA) or (1.5 – 3) × 105 21Na s−1 on

target. The beam intensity was improved by a factor of about 2 in later runs by using the

p(21Ne,n)21Na production reaction. For this run, the gas cell was filled to 1250 mbar for

a thickness of 1.35 mg cm−2. The improvement in the transmitted primary to secondary

beam ratio was primarily due to the smaller opening angle of the outgoing 21Na ions,

θmax ≤ 1◦, rather than θmax ≤ 4◦ for the d(20Ne,n)21Na reaction. In the later runs, a

germanium detector was placed near the entrance of the spectrograph to monitor the

β-decay of the stopped 21Na by counting the 511 keV γ-rays from e+e− annihilation. The
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beam current was also monitored by using the annular Bragg curve detector (described

below) to measure the Rutherford scattering of the beam off the carbon in the CH2 target.

The 19Ne (τ1/2 = 17.22 s) beam for the 3He(19Ne,d)20Na∗ reaction was produced via

the p(19F,n)19Ne reaction using a 126 MeV 19F primary beam using the same technique

as for the 21Na beam described above. The gas cell was filled with 1400 mbar of H2 gas

for a thickness of 1.66 mg cm−2. The 19Ne beam intensity was (0.3 – 3.5) × 105 s−1 on

target and the ratio of primary to secondary beam was 2:1. The goal of this experiment

was to measure the shape of the angular distribution of the outgoing deuterons rather

than the cross sections. Therefore, precise knowledge of the beam energy and intensity

was less crucial and the spectrograph was not used to measure the beam energy. Instead,

two silicon barrier detectors were used in tuning the beam – one before and one after

the experimental target. The details of the 3He(19Ne,d)20Na experiment are given in

Section 4.3.2.

2.2. Targets

For the p(21Na,α)18Ne experiment a 380 µg cm−2 polypropylene (CH2)n target was

used. The other three experiments discussed here used a 10 mm diameter 1 mm long

cylindrical gas cell. The cell was filled with 3He or 4He, cooled with liquid nitrogen

to about 80 K, and maintained at 700 – 750 mbar using a gas handling system. The

effective target length varied between 1.5 and 3.5 mm depending on the gas pressure

and the thickness and type of foils used. The details for each experiment are given in

Chapters 3 and 4.
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2.3. Detector setups and particle identification

Because the reactions studied in this work were done in inverse kinematics, unwanted

isotopes produced by reactions in the targets and the pressure foils are also forward focused

creating background. Beams produced via the in-flight technique contain contamination

due to leakage of the primary beam through the transport system. Small-angle scatter-

ing in the foils and the gas cell produce a low-energy tail in the primary beam. Those

particles that have the magnetic rigidity of the secondary beam are transported to the

experimental area. For the d(20Ne,n)21Na production reaction the ratio of the primary

beam to the secondary beam delivered to the target area was about 2:1. The primary

beam that leaks through the transport system also induces reactions in the target pro-

ducing a background of products with masses and energies similar to the particles being

studied. Because of the large number of unwanted reaction products the kinematic coinci-

dence technique [32] was used to identify the reaction of interest. The light particles were

detected in position-sensitive, double-sided silicon strip detectors (DSSDs), providing an-

gle and energy information. The heavy recoils were detected in a system that consisted

of a parallel plate avalanche counter (PPAC) followed by an ionization chamber (IC). A

homogeneous electric field is maintained between the entrance foil of the ionization cham-

ber, which serves as the cathode, and the anode at the back of the chamber, which is

shielded by a fine wire mesh Frisch grid. As the ionizing particle loses energy in the gas it

produces a track of electrons and ions. The ionization rate increases as the particle slows

down and reaches a maximum, the Bragg peak, just before it loses all its energy. The

electrons produced by the ionization drift towards the anode at the back of the chamber

where the charge is collected. The drift velocity is constant in the uniform electric field
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and the drift time is long compared to the time it takes the particle to lose all its energy.

Therefore, the time-dependence of the anode signal gives dE/dx. The resulting pulse is

split into two output signals. One signal is processed using a shaping time longer than the

total charge collection time of a few µs and measures the total ionization charge, which is

proportional to the energy deposited in the gas (E signal). The second signal is processed

using a shorter shaping time ≈ 0.5 µs and measures the height of the Bragg peak, which is

proportional to the nuclear charge (Z signal) of the ionizing particle. Details of this tech-

nique, known as Bragg-curve spectroscopy, have been given by Schiessl et al. [33]. The

range signal (RANGE ) of the particle measures the time it takes the ionization electrons

to drift through the chamber. The parallel-plate avalanche counter (PPAC) mounted at

the front of the chamber provide the start signal for a time-to-analog converter (TAC)

and the IC anode provide the stop signal. Because the drift velocity is constant in the gas,

the drift time is inversely proportional to the distance traveled by the ionizing particle in

the chamber. The range (R) of the particle is given by

(2.1) R =

∫ E

0

(
−dE

dx

)−1

dE ∝ − E2

MZ2

Therefore, a two-dimensional histogram of RANGE vs. E2 produces bands with

different slopes corresponding to different Z (and M) values. While the height of the

Bragg peak is independent of the initial particle energy there was some recombination as

the electrons drifted towards the Frisch grid, and so the Z signal was higher for higher

energy particles (i.e., those that penetrated further into the IC). Therefore, a contour plot

of Z signal vs. E signal is needed to separate particles of different Z. (Note: This defect
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has since been corrected.) The timing signals from the DSSD and the PPAC together

provide a time spectrum that is used to identify coincidences. An additional time signal

is provided by the RF frequency of ATLAS, which in combination with the PPAC timing

signal provides time of flight (TOF ) information.

2.3.1. “Ludwig’s Castle”

For the p(21Na,α)18Ne and the 3He(19Ne,d)20Na experiments, an array of annular DSSDs

dubbed Ludwigb, and an annular PPAC – ion chamber system was used. The annular

DSSDs were 500 µm thick with an active area covering radii from 24 to 48 mm, with

both sides providing independent energy and timing signals. One side was segmented

into 16 1.5-mm wide rings providing a measure of the light particle angle, θlab. For the

3He(19Ne,d)20Na experiment the angular resolution was ≈ 0.9◦ near the angle range of

interest, θlab ≈ 55◦. For the p(21Na,α)18Ne experiment the angular resolution for the α-

particles was ≈ 0.3◦. The other side of the annular DSSD was divided into16 wedges. For

this work, the azimuthal angle was not required. The energy signals from the two sides

of the DSSD were compared and used as a gating condition as described in Section 4.3.3.

The annular ionization chamber and PPAC have inner diameters of 15 mm to allow the

beam to pass through the center. The effective radii of the entrance windows extended

from 9.5 to 40 mm and covered recoil angles 1.4 ≤ θlab ≤ 6◦. Aluminized Mylar foils are

used to contain the gas and to serve as electrodes. The PPAC foils were 2.5 µm thick with

the entrance foil kept at an operating voltage of 600 V for the p(21Na,α)18Ne experiment

and the exit foil was kept at ground. The 10 mm long PPAC was maintained at 3 torr of

bThe “Large Universal Detector with Immense Granularity” was named in honor of two Bavarian kings
by a student from Munich. .
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isobutane (C4H10). A 6.25 µm thick entrance foil serves as the IC cathode. A wire mesh

grid is mounted at the front to minimize the stretching of the foil under pressure. The 9

cm long IC was maintained at 330 torr of Freon (CF4). The active length between the

cathode and the Frisch grid is 6.3 cm. The grid was operated at 700 V and the anode, 13

mm behind the Frisch grid, was operated at 2360 V. A gas handling system was used to

maintain a constant pressure and flow rate. The detectors were mounted in an annular

vacuum chamber, “Ludwig’s Castle,” that was placed along the ATLAS beam line in front

of the Enge split-pole spectrograph. The setup is shown in Figure 2.2.

Figure 2.2. Schematic of the Ludwig detector setup. This configuration
was used to measure the alphas from the p(21Na,α)18Ne reaction, and to
measure the deuterons from the 3He(19Ne,d)20Na reaction.
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2.3.2. The scattering chamber and the Enge split-pole spectrograph

To measure the branching ratios, Γα/Γγ for the 4.033 MeV state in 19Ne (described in

Chapter 3) and Γp/Γγ for the 2.645 MeV state in 20Na (Chapter 4), absolute cross sections

were not required. For these two experiments, excited states above the particle threshold

were populated via a transfer or charge exchange reaction. The excited states were tagged

by the energy and angle of the light particle. The recoiling heavy nuclei then break up by

particle emission or γ-decay. The light particles were measured in a 500 µm thick square

DSSD, located on one side of the beam axis. The active area of the DSSD was divided into

30 1-mm horizontal strips and 31 1-mm vertical strips. Because the 19Ne ions produced

in these reactions have the same Z as the primary 20Ne beam and differ by only one

mass unit, clean separation of the recoil nuclei by mass was crucial. Therefore, the Enge

split-pole spectrograph was used to detect the recoils. This setup is shown schematically

in Figure 2.3. The geometry of the DSSD and the spectrograph was determined by the

reaction kinematics for the state of interest.

A magnetic spectrograph separates ions by their magnetic rigidity, Bρ = p
q
≈

√
2mE
q

,

where B is the magnetic field in the spectrograph, ρ the radius of curvature, q the atomic

charge state, and p the momentumc of the ion. Particles with different magnetic rigidity

are focused at different positions along the focal plane. A position-sensitive PPAC mea-

sures the position along the focal plane. A two-dimensional histogram of E vs. focal plane

position separates ions by q2/m. The PPAC, together with a gas-filled ionization chamber

mounted behind the focal plane, measures E, R, and Z of the recoils, as described above.

cThe non-relativistic approximation is valid. For recoil nuclei with A = 20 at 100 MeV, β = v/c ≈ 0.1.
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Figure 2.3. Schematic of the detector setup used to measure the branching
ratio Γα/Γγ for the 3He(20Ne,α)19Ne∗, and Γp/Γγ for the 3He(20Ne,t)20Na*
experiment.

A block diagram of the electronics used for the branching ratio experiments is given in

Figure 2.4. The fast timing signal from the PPAC anode with a rise time of 2 – 3 ns was

fed into a fast pre-amplifier (FP) and then further amplified by a fast amplifier (FA) The

amplified signal was then fed into a constant fraction discriminator (CFD, ESN CF4000).

This signal served as a start signal for four different time measurements – a common start

for the focal plane position POSPP, the range signal (RANGE ), the time of flight (TOF )

and the coincidence time (TSI ). The position-sensitive PPAC (480 wires spaced 1.25 mm
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apart) at the spectrograph focal plane was divided into two sides, high and low energy,

providing four signals from the multi-wire plane – high energy position inside/outside

(HEPI /HEPO), and low energy position inside/outside (LEPI /LEPO). Each of these

signals is fed into an inverting fast amplifier (EG&G ESN FTA810) followed by a CFD

(Phillips 715). These four signals were passed through a delay box and served as the stop

signals for a time-to-digital converter (TDC, Lecroy 2228A) of ≈ 500 ns range. The PPAC

position was determined by analyzing the time difference between these output signals

and recorded as a pseudo-event parameterd (POSPP). The anode signal of the IC/BCD

was fed into a Canberra 2010 low-noise pre-amplifier (PA) and split into two signals that

were fed into two Tennelec amplifiers (TC 244 and TC 245) with shaping times of 3 µs

for the energy signal E, and 0.5 µs for the nuclear charge signal Z. One output of TC 244

was fed into a timing single channel analyzer (Ortec 455, TSCA) and provided the stop

signal for a time-to-pulse height converter (Ortec 467 TPHC/SCA), giving the particles

range as described above. The time of the flight (TOF ) through the spectrograph was

measured by a TAC (Tennelec TC 862) with a 100 ns range. The stop signal for the

TOF TAC was provided by the RF signal from the ATLAS debuncher unit, which was

fed through a discriminator (Lecroy 623B) and a delay unit (TC 412A). The coincidence

time was measured between the spectrograph PPAC and the DSSD with a TAC (TC

862). The E, Z, RANGE, TOF, and TSI signals were digitized by an analog-to-digital

converter (ADC, Phillips AD 811). Each of the 64 channels of the DSSD – 32 channels per

side with two 16-channel sections each (EF1, EF2, EB1 and EB2 for the front and back

respectively) – were fed into their own pre-amplifier (PA) and then into four 16-channel

dA pseudo-event (PEV) parameter is an arithmetic combination of two or more real event (EV) param-
eters.
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spectroscopic amplifiers (CAEN SPEC AMP). For each of these the fast output signal of

the amplifier was fed into a CFD (LEC 3420), delayed, and used as the stop signal for

TSI. The slow output signals from the DSSD amplifier were digitized by four 16-channel

Phillips ADCs (ADC 7164H), providing the energy signals from the front (EF ) and back

(EB) of the DSSD.
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Figure 2.4. Block diagram of the electronics used in the 3He(20Ne,t)20Na experiment.
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CHAPTER 3

Earlier work

3.1. The 18F(p,γ)19Ne and 18F(p,α)15O reactions

The first reaction pathway (a) identified in Section 1.2.3 as a possible breakout path

from the CNO cycle is 18F(p,γ)19Ne(p,γ)20Na. The first reaction in this chain was studied

using the ATLAS facility before the author’s participation [34, 35, 36]. A brief summary

is provided for context. The 18F(p,γ)19Ne reaction competes with the 18F(p,α)15O reaction

during the HCNO-cycles, both proceeding mainly via resonant states in the compound

nucleus 19Ne. The branching ratio to the two products, 15O and 19Ne, determines to what

degree breakout proceeds to the rp-process through 18F(p,γ)19Ne, or whether the 18F is

cycled back into CNO-material via the (p,α) reaction.

From the results of these earlier experiments it was determined that the 18F(p,α)15O

reaction is stronger than the corresponding 18F(p,γ)19Ne reaction by at least 3 orders

of magnitude. Thus, 18F gets mainly recycled into CNO material rather than breaking

out into the rp-process. The upper limit determined for the 18F(p,γ)19Ne reaction rate

was a factor of three to four smaller than the previously estimated values [37, 38, 3].

This upper limit implies that the production of 19Ne in the temperature range T9 ≥ 0.5

through this reaction channel is negligible.
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3.2. Measuring the 18Ne(α,p)21Na reaction via the time inverse reaction

p(21Na,α)18Ne

The next possible pathway (b) breaking out of the CNO cycle that has been identified

is the 18Ne(α,p)21Na reaction (Section 1.2.3). Two measurements of this reaction have

been reported from Louvain-la-Neuve in Belgium using a radioactive 18Ne beam and an

extended 4He gas target [7, 6]. However, comparison of these two measurements reveals

inconsistencies. The reaction proceeds through broad, overlapping states in 22Mg. The

resonance parameters were extracted from the efficiency corrected excitation functions of

protons feeding the various states in the residual nucleus. ER and Γ were determined

from the centroid and width of a Lorentzian fit to the yield curve based on the assumed

decay channel. The resonance strengths ωγ were then determined by inserting the fitted

resonance parameters into the Breit-Wigner formula. The extracted resonance strengths

were used to calculate the total stellar reaction rate. Cross sections were not reported. We

have reconstructed the yield curves using the resonance parameters reported in references

[7] and [6] and find that the two sets of cross sections differ by a factor of about 4. This

discrepancy, along with the results of the present work (discussed below), is shown in

Figure 3.4.

From the resonance strengths and spins reported in [7] and [6], lower limits for the

α-widths Γα were extracted. An estimate of the maximum width for decay is the Wigner

limit which takes the time that it takes a particle to cross the nucleus and converts it

into a width using the uncertainty principle ∆E∆t = ~. If there is a barrier that has

to be penetrated, that has to be factored into the calculation of how long it should take
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a particle to escape the nucleus. For a charged particle with angular momentum `, the

partial width can be expressed as

(3.1) Γ` =

(
2~
Rn

) √
2E

µ
P` (E, Rn) θ2

`

where Rn is the nuclear radius, E is the center mass energy, µ is the reduced mass, and

P`(E, Rn) is the penetration factor for tunneling through the Coulomb and the centrifugal

barrier for a given orbital angular momentum `. The quantity θ2
` is a dimensionless

number called the “reduced width”a of the state and contains information about the

nuclear structure. In the case of α-decay, this factor represents the probability that an

α-particle is preformed in the compound nucleus. The Wigner limit is obtained by setting

θ2
` = 1. The parameters reported in [6], lead to alpha spectroscopic factors close to unity

for all the high-lying 2+ states, much larger than the expected values of a few percent.

The measurements in [7, 6] covered an excitation energy range in the compound nu-

cleus 22Mg from 10 – 11 MeV. Although the Gamow peak does not strictly apply to

resonance reactions, it can be used to predict the most effective stellar energy range for

charged particle reactions to occur for a given temperature, and hence, which resonances

would most likely dominate the astrophysical reaction rate. The Gamow energy window

(Eqns 1.14 and 1.16) for the 18Ne(α,p)21Na reaction and the corresponding excitation

energies in the compound nucleus 22Mg are shown in Figure 3.1. The temperature range

relevant for breaking out of the HCNO cycles in X-ray bursts is T9 ≈ 0.3 – 1 (see Fig-

ure 1.5). For the 18Ne + α system, the corresponding Gamow peak leads to excitation

aThe term “reduced width” is also called the “spectroscopic factor”. The two terms have been used
interchangeably and one must take care to note whether the authors are reporting θ2

` , C2S, or S.
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energies in the compound nucleus 22Mg of ≈ 8.5 – 10 MeV. It is therefore desirable to

measure this reaction at lower energies. The excitation energies between ≈ 9.4 and 10

MeV in 22Mg studied in this work correspond to a temperatures T9 ≈ 1 – 2 indicated by

the heavy vertical bars.

Figure 3.1. Energy levels in the compound nucleus 22Mg reported by Ref
[6]. The Gamow peak EO and width ∆ are shown in red for temperatures
of astrophysical interest. The vertical bars indicate the temperature range
studied in this work. The 18Ne + α threshold is indicated on the left.
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In order to resolve the discrepancies between the two reported measurements and to

extend the measurements to lower energies, we have measured the time inverse reaction

p(21Na,α)18Ne. An advantage of measuring the time inverse reaction is that the incident

beam energy required to populate these states in the compound nucleus is higher than for

measuring the forward reaction. The 10.66 MeV state in 22Mg is 2.52 MeV above the 18Ne

+ α threshold at 8.14 MeV. However, this same state is 5.16 MeV above the 21Na + p

threshold at 5.50 MeV. The Louvain-la-Neuve experiments required a bombarding energy

of 30 MeV for the 18Ne beam. Populating the same state via the time inverse reaction

requires a 110 MeV 21Na beam. Higher incident beam energies lead to better kinematic

focusing of the reaction products increasing the detection efficiency. A partial energy level

scheme of 22Mg is shown in Figure 3.2, with both the forward (red) and inverse (blue)

reaction thresholds and states in the energy region of astrophysical interest.

3.2.1. Experimental details

Two separate measurements were performed at ATLAS. First, a 21Na beam was produced

via the d(20Ne,n)21Na reaction as described in Section 2.1. The 21Na beam was focused

onto a 380 µg cm−2 thick CH2 target. The Ludwig detector setup (shown schematically

in Figure 2.2 and pictured in Figure 3.3) was used with two annular DSSDs covering

the angular range from 5− 20◦ for the outgoing α-particles. The annular IC/PPAC was

positioned to cover the angular range from 1 − 5◦ for the recoiling 18Ne and 21Na ions.

The incident energy was chosen to measure the excitation function near the 2.52 MeV 2+

resonance in 18Ne + α (Ex = 10.66 MeV in 22Mg) because it had been reported to decay

predominantly to the ground state of 21Na [6]. Time reversal invariance dictates that the
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Figure 3.2. Energy level scheme of 22Mg comparing the alpha and proton
thresholds and states of astrophysical interest between 9 – 10 MeV. The
blue arrows represent how these states were populated in the laboratory
(right to left) via the inverse reaction p(21Na,α)18Ne. The red arrows show
how the 18Ne(α,p)21Na reaction proceeds in a star (left to right). The first
two excited states in 21Na, at 331 and at 1716 keV are also shown.

cross sections for the forward and inverse reactions are related by

(3.2) σ(18Ne+α) =
(2Jp + 1) (2J21Na + 1) λ̄2

(21Na+p)

(2Jα + 1) (2J18Ne + 1) λ̄2
(18Ne+α)

σ(21Na+p)

For the second run, the beam was produced via p(21Ne,n)21Na with 21Na energies between

82 – 92 MeV 21Na on target covering excitation energies between 9.4 – 9.9 MeV in 22Mg.
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Measurement of the time inverse reaction only provides values for Γα and Γp0. Because

the 18Ne first excited state is at 1.89 MeV there will be no significant decay to it from

22Mg states in the energy region of interest and we can take Γα = Γα0. However, the

astrophysical reaction can also proceed to excited states in 21Na. To obtain the total cross

section of the 18Ne(α,p)21Na reaction via the time inverse reaction, it is also necessary

to determine the partial widths Γp′ . Therefore, a third DSSD was added to detect the

protons at angles between 40−60◦ in order to measure the inelastically scattered protons.

This technique had been successfully used previously at ATLAS to determine resonance

partial widths in 18Ne via measurement of the 17F(p,α)14O and 17F(p,p’)17F∗ reactions

[39]. The energy resolution, ∆E ≈ 450 keV, in the previous experiment was sufficient

to separate the 495 keV first excited state in 17F from the ground state. The energy

spread of the 21Na beam due to the CH2 target was measured to be 3.5 MeV on average,

corresponding to an energy spread for the outgoing protons of 200 keV. However, due to

the 3 mm diameter of the beam spot, the Q-value resolution was limited to ∆E ≈ 500

keV for the protons at θlab ≈ 50◦. The first excited state in 21Na is only 331 keV above

the ground state and, therefore, it could not be separated from the ground state. Two of

the DSSDs and the IC/PPAC used for these experiments are pictured in Figure 3.2.

3.2.2. Results

Cross sections were obtained at five energies. The (p,α) cross sections were converted

to the (α,p) cross section using Eqn (3.1). The results are plotted as a function of cm

energy in the 18Ne + α system in Figure 3.4 along with the cross sections obtained from

the two previous experiments described above. The horizontal error bars arise from the
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Figure 3.3. The Ludwig detectors with the placement of the solid CH2 tar-
get and particle trajectories of the beam (blue), the recoils (green) and the
ejectiles (red). For the first measurement, only the α-particles were mea-
sured. A third annular DSSD (not shown) was added for thesecond run to
measure the protons as described in the text.

1.6 MeV energy spread of the beam and the 3.5 MeV thickness of the CH2 target, which

corresponds to an average width of 225 keV in the center of mass system. Better resolution

was obtained for the alphas because they were detected between 5 ≤ θlab ≤ 20◦, where the

angular spread due to the beam spot was smaller than for the protonsb. No counts were

bThe protons emitted at angles θlab < 20◦ had energies greater than 11 MeV, and did not stop in the
DSSD, or less than 1 MeV and were below the DSSD threshold.
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observed above the background for the three lowest energy runs and the upper limits are

shown at the 90% confidence level assuming a Poisson distribution.

Figure 3.4. Cross sections obtained for the 18Ne(α,p)21Na reaction in this
work, compared with those of Bradfield-Smith [7] in blue and Groombridge
[6] in red for ground state transitions only.

Because we were unable to obtain the partial proton widths for states that can decay

to excited states in 21Na, the (α,p) cross sections from the present work represent a lower

limit. However, we can compare our cross sections with those obtained from references

[7, 6] for resonances reported to decay primarily to the ground state in 21Na. For the

highest energy point, corresponding to the reported resonance at 2.52 MeV, the cross

section is consistent with [7] and about a factor of 5 smaller than that of [6]. The cross
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section obtained at an energy corresponding to 1.7 MeV was σ ≈ 100 µb. The upper

limits obtained for the cross sections at energies from 1.2 ≤ Ecm ≤ 1.5 MeV.

3.2.3. Astrophysical implications

The cross section obtained for the 18Ne(α,p)21Na reaction near 2.5 MeV in this work is

in good agreement with the earlier measurement of [7] for transitions to the ground state

of 21Na. It is clear from Figure 3.1 that measurements need to be extended to even lower

energies. However, these measurements are exceedingly difficult with the available beam

intensities. The upper limit for the lowest energy point in Figure 3.4 was obtained after

2.5 days of run time, with a beam current of ≈ 9× 105 pps.

3.3. Studying the 15O(α,γ)19Ne reaction via the branching ratio Γα/Γγ of the

4.033 MeV 3/2+ state in 19Ne

The first reaction in CNO-cycle breakout path (c) of Section 1.2.3 was also studied

using the ATLAS facility. The 123 s half-life of 15O is sufficiently long to allow α-capture,

15O(α,γ)19Ne, which had been considered to be the most likely path for CNO-cycle break-

out at novae temperatures, 0.1 ≤ T9 ≤ 0.6, due to the smaller Coulomb barrier, VC ≈

4.4 MeV, compared to that of the 18Ne(α,p)21Na reaction, VC ≈ 5.3 MeV. In this tem-

perature regime, the reaction has been predicted to proceed predominately through the

19Ne 3/2+ state at 4.033 MeV, which is the first state above the 15O + α threshold at

3.529 MeV [40]. A partial energy level scheme of 19Ne showing the first few levels above

the 15O + α threshold is provided in Figure 3.5.
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Figure 3.5. Level scheme of 19Ne relevant for the 15O(α,γ) reaction showing
the energies in MeV (right) and the assigned spin-parity values (left). The
15O + α threshold is at 3.529 MeV.

The centrifugal barrier for α-capture to this state (` = 1) is lower than for the next

higher states, which are the 9/2− state at 4.140 and the 7/2− state at 4.197 MeV, both of

which are suppressed because they require ∆` = 4. To calculate the astrophysical reaction

rate Eqn (1.22), values for the resonance strengths, ωγ = ωΓαΓγ/Γ, are needed. Due to

the high Coulomb barrier (VC ≈ 4.7 MeV) for α-decay of this state Γα is much smaller

than Γγ and the resonance strength reduces to ωγ = ωΓα. The branching ratio for the

α-decay of this state has been estimated to be ≈ 10−4 based on the partial widths of the

analog state in the mirror nucleus 19F [41, 42].
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Many earlier attempts were made to populate the 4.033 MeV state via transfer reac-

tions and to observe the subsequent alpha decay. However, it was found that the state

was weakly populated by the 19F(3He,t)19Ne∗ reaction and that the resulting alpha ener-

gies for states near the α-threshold were too low to be detected using normal kinematics

[43, 44]. One measurement in inverse kinematics was only able to put an upper limit

Γα/Γγ < 10−2, two orders of magnitude larger than the predicted value [45]. Attempts

were also made to measure the branching ratio at ATLAS by populating states in 19Ne

via d(20Ne,t)19Ne∗ and 3He(19F,t)19Ne∗ and to look for their subsequent decay to 15O + α

or 19Ne + γ. These reactions also weakly populated the 4.033 MeV state and only yielded

not very stringent upper limits.

A high resolution study of the 20Ne(3He,α)19Ne reaction at Elab = 15 MeV, revealed

a more favorable cross section, ≈ 100 µb sr−1 in the angular region ≥ 30◦ in the center

mass system, for populating the 4.033 MeV state [46] c. It was therefore decided to

use the 3He(20Ne,α)19Ne at the same center of mass energy (5 MeV per nucleon). The

magnetic spectrograph and scattering chamber detector setup that was used is described in

Chapter 2 (Figure 2.3). A ≈ 1 pnA 105 MeV 20Ne beam was impingent on the 1.5 mm long

gas target containing 3He gas at 700 mbar and cooled to LN2 temperatures. The resulting

target thickness was 50 µg cm−2 of 3He, contained within 1.5 mg cm−2 Ti foils. The 15O

and 19Ne ions were separated in the Enge split-pole magnetic spectrograph (Section 2.3.2),

and their timing and energy signals were measured by the gas-filled PPAC and ionization

chamber, respectively, located behind the focal plane. The spectrograph was moved to

3.7◦ off the beam axis to eliminate the background from small-angle scattering of the

cGarrett et al. performed a spectroscopic study to determine the properties of states in 19Ne and did not
attempt to measure the subsequent α-decay.
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primary 20Ne beam. The α-particles were detected in a silicon detector telescope covering

an angular range of 6.1 ≤ θlab ≤ 17.2◦. The Si-telescope consisted of a 500 µm thick,

40 × 40 mm2 square DSSD to measure position and ∆E and a second 300 µm thick,

50× 50 mm2 silicon detector to measure the residual energy. The second Si-detector was

tilted by an angle of 50◦ to increase the effective thickness to ≈ 500 µm for the incident

α-particles.

After 3.5 days of running time, no events in the 15O coincidence spectrum were ob-

served from decays of the 4.033 MeV state in 19Ne placing an upper limit on the branch-

ing ratio Bα ≤ 6 × 10−4 [47]. At about the same time an experiment performed at the

Kernfysisch Versneller Institute (KVI) in the Netherlands populated the state via the

p(21Ne,t)19Ne reaction and obtained an upper limit on Bα of 4.3 × 10−4 [48]. These ex-

periments show that the 15O(α,γ)19Ne reaction is not a significant breakout path from the

CNO-cycle at nova temperatures (T9 = 0.1 – 0.4). However, this reaction may become

important for CNO-cycle breakout at higher temperatures, such as those found in x-ray

bursts and in super-massive stars [49]. A recent publication claims to have experimentally

determined the branching ratio, Bα = 2.9 ± 2.1 × 10−4, for the 4.033 MeV state [50].

Their result was obtained through a measurement of the α-decay of the 4.033 MeV state

populated via 19F(3He,t)19Ne∗ reaction. However, this result appears to be questionable.

Based on the signal to background ratio of the data presented, it appears that alpha

branching ratio should have been quoted as an upper limit of ≤ 4 × 10−4. Doppler Shift

Attenuation Method measurements of the lifetime of this state have been made by various

groups: τ = 13+9
−6 fs [51],τ = 11+4

−3 [52], and τ = 6.9+2.1
−2.1 [53]. The most recent lifetime

corresponds to Γγ = 95 meV. Using the relation Γα = BαΓγ, with the upper limit on
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the branching ratio of 4 × 10−4 gives Γα ≤ 38 µeV. The resonance strength can then be

determined from ωγ = (2J+1)
2

Bα (1−Bα) ~
τ
≤ 0.76 µeV.
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CHAPTER 4

19Ne(p,γ)20Na and the 2.645 MeV state in 20Na

4.1. Introduction and Background

The 15O(α,γ)19Ne(p,γ)20Na reaction path is expected to be the dominant path for

breaking out of the HCNO cycle into the rp-process in the early ignition stages of X-ray

bursts [40, 1]. The leakage rate for breakout is determined by the slower of the two

reactions, which is assumed to be the first reaction (discussed in the previous chapter)

due to the higher Coulomb barrier. The 19Ne(p,γ)20Na reaction is thought to proceed

predominantly through the 2.645 MeV state in 20Na, which is the first state above the

19Ne + p threshold at 2.195 MeV [40]. For an isolated, narrow resonance at energy Er,

the reaction rate per particle pair depends onlyon the temperature and the resonance

strength ωγ, given by Eqn (1.21):

(4.1) 〈σv〉 =

(
2π

µkT

)3/2

~2ωγ exp

(
−Er

kT

)
.

The strength of a 20Na resonance for proton capture by 19Ne is given by Eqn (1.20). Here,

Jπ = 1/2+ for the ground state of 19Ne and also for the proton in the entrance channel, so

that the resonance strength becomes

(4.2) ωγ =
(2Jr + 1)

4

Γp0Γγ

Γ
,
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where Γp0 represents the ground state proton width and Γγ represents the total width for

γ-decay. Ideally, the resonance strength can be obtained by measuring the 19Ne(p,γ)20Na

reaction directly. To measure the relatively small strength of this astrophysically impor-

tant first resonance above the proton threshold requires a 19Ne beam of intensity not

presently available. Therefore, the resonance strength was first estimated from the known

level structure of the mirror nucleus 20F [40] because there was very little information

available about the level structure of 20Na above the proton threshold. It has been stated

that, ‘the rate of the 19Ne(p,γ)20Na reaction cannot be estimated with any degree of confi-

dence until Jπ for the 447 keV resonance has been established’ [3]. Due to its importance

in the breakout from the HCNO cycle, many attempts have been made to determine the

resonance parameters of this state, though none has succeeded in unambiguously identify-

ing the spin. The next section summarizes the work that was done to determine the level

structure and resonance parameters of the first few states above the proton threshold in

20Na.

4.2. Survey of previous work

Information about the level structure and resonance parameters (Er, Γγ, Γp0, Γp1, and

J) of 20Na can be obtained in various ways. Resonance energies are obtained from nuclear

reaction measurements. Partial widths can sometimes be extracted from a line shape anal-

ysis of the decay particle spectrum as mentioned in the previous chapter. However, the

partial widths of the narrow resonances of interest here are of the order of a few eV, while

typical experimental energy resolutions are between tens and a few hundred keV. Prop-

erties of states in 20Na have been determined in a variety of nuclear reactions described
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below. Figure 4.2 shows a level scheme of 20Na with the various ways of populating states

above the proton threshold. These include the charge exchange reactions 20Ne(3He,t)20Na,

20Ne(p,n)20Na, and the β+-decay of 20Mg. These experiments are summarized below.

4.2.1. 20Ne(3He,t)20Na

The previous (3He,t) measurements to determine the spin and parity of the 2.645 MeV

state were conducted in “normal kinematics” with a 3He beam on a 20Ne gas target (Refs

[54, 55, 56, 57, 58, 12, 59, 60]). The authors of references [54] through [12] measured

angular distributions and compared them to DWBA calculations. While these measure-

ments agree at larger angles θCM > 40◦, there is some discrepancy at smaller angles and

no data at θCM < 10◦. The minimum angle is significant, because a peak at 0◦ is charac-

teristic of an ` = 0 transition, and would unambiguously rule out the Jπ = 3+ assignment.

However, without having data near θCM = 0◦, the resulting angular distributions have

been variously argued to be consistent with ` = 0, ` = 2, or a combination of both. This

ambiguity has led to controversy regarding the spin of this state. The authors of [56]

and [58] assigned a 1+ spin based on comparison with DWBA calculations and guided

by associating the states with the known level scheme of the mirror nucleus 20F. Initially,

Kubono et al [56] assumed the 2.645 MeV state to be the mirror of the 3.488 MeV 1+ state

in 20F, which is known to have a dominant single-particle (s-wave) structure. However,

Lamm et al [58] identified the 2.645 MeV state in 20Na with the 3.172 MeV 1+ “intruder”

state in 20F (see Section 4.2.5). Clarke et al. [12], first concluded that this state was

either 1+ or 1−, based on DWBA fits to the 20Ne(3He,t) angular distributions at forward

angles. They also measured the mirror reaction 20Ne(t,3He)20F at the same beam energy
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Figure 4.1. Level diagram of 20Na depicting various ways to populate the
2.645 MeV state. The state has been populated via charge exchange re-
actions 20Ne(3He,t) (brown) and 20Ne(p,n) (blue), the β-decay of 20Mg
(green), and the 19Ne(3He,d) transfer reaction (violet). The 19Ne + p
threshold is shown in red. (Taken from the compilation by Tilley et al.
[8])
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using the same gas target, and observed only a few counts in their spectra for the 3.172

MeV state and concluded that this state is very weakly excited.

Measurements of the 20Mg β+-decay (see below) cast some doubt on the 1+ assignment

for the 2.645 MeV state in 20Na. Brown et al. challenged the Jπ = 1+ spin assignment,

arguing that if this state were the mirror of the 3.172 MeV state in 20F, it would be

weakly populated in the (3He,t) reaction, and have a negligible Coulomb shift [61]. The

authors further argued against the Jπ = 3+ for the 2.849 MeV state in 20Na, stating that

this assignment implies a negative parity for the 2.645 MeV state. Based on the available

mirror candidates in 20F, Brown et al. proposed Jπ = 3+ for the 2.645 MeV and Jπ = 3−

for the 2.849 MeV state, identifying them as the mirrors of the 2.966 MeV and the 2.865

MeV states in 20F, respectively. This prompted Clarke et al. to reanalyze their data and

to compare the angular distributions to these two states in 20Na in the 20Ne(3He,t)20Na

reaction with those to the proposed mirror states in 20F in the 20Ne(t,3He)20F reaction

[62]. Based on this comparison, these authors favored the mirror assignments proposed

by Brown et al. in Ref [61].

Smith et al. [59], performed a high-resolution study of the 20Ne(3He,t)20Na reaction

giving values for the resonance energies accurate to 9 keV for states above the proton

threshold, but did not perform a DWBA analysis. This experiment firmly identified the

first four states above the proton threshold in 20Na and eliminated a fifth state at 3.1

MeV proposed by Lamm et al. [58].

Hofstee et al, attempted to measure the branching ratio Γγ/Γ of the 2.645 MeV state

by comparing single triton events to t−γ coincidences. They showed that the coincidence

yield for states above the proton threshold was low, but due to a large overall background
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were only able to report an estimate of Γγ/Γ ≈ 10% [60]. This estimate is consistent with

the present work.

4.2.2. 20Ne(p,n)20Na

Two measurements of the 20Ne(p,n)20Na angular distributions have been reported [56,

63]. Kubono et al., showed an enhancement of the cross section at θCM ≈ 3◦ with Ep

= 35 MeV, and concluded that Jπ = 1+ based on comparison with DWBA calculations

[56]. Anderson et al, observed a dip in the cross section at θCM ≈ 0◦ with Ep = 135 MeV,

and concluded that the dip implies an absence of ` = 0 strength, therefore favoring the

Jπ = 3+ assignment [63].

4.2.3. β+-decay of 20Mg

Theoretical calculations [40] predicted that states above the proton threshold would decay

predominantly by proton emission. This prediction was the basis for the branching ratio

measurement by [60], and was confirmed in the present work. Three attempts to measure

delayed protons following the β+-decay of 20Mg have been reported [64, 65, 66]. None

of these experiments observed any protons from the 2.645 MeV state, with the most

stringent limits on the branching ratio for β-decay to this state being ≤ 0.1% with log

ft ≥ 6.24 [66]. If this state is the analog of the intruder state in 20F, then the β-decay

can be strongly inhibited. It should be noted that the proposed Jπ = 1+ mirror state

in 20F at 3.172 MeV also shows no feeding from the β−-decay of 20O (see Section 4.2.5).

Piechaczek et al. also point out that in sd-shell nuclei there are cases (17N, 17Ne and 18N)



78

of allowed β-transitions that have log ft > 6 [67]. Therefore, a log ft ≥ 6.24 may not rule

out the 1+ assignment.

4.2.4. 19Ne(p,γ)20Na

The first attempt to measure the proton capture by the 20Na 2.645 MeV state was made

at the cyclotron radioactive ion beam facility in Louvain-la-Neuve, Belgium in 1994 [68].

However, they were only able to give an upper limit on the strength of the 447 keV

resonance of ωγ ≤ 24 meV. Subsequent measurements by the same group over the next

few years using different targets and detection techniques [69, 9] were later combined,

renormalized, and summarized in a global analysis by Vancraeynest et al. [9]. The data

were then analyzed in terms of the resonances strengths of the four lower lying states above

the proton threshold. An upper limit on the strength of the 447 keV resonance, which

corresponds to the 2.645 MeV state in 20Na, was reported as ωγ ≤ 21 meV at the 90%

confidence level. The next three resonances at 661, 797 and 887 keV, which correspond

to the 2.849, 2.992, and 3.082 MeV states in 20Na, were combined to give upper and lower

limits on the sum of their strengths (see [9] for details). The resonance strengths were then

used to calculate the resonant contribution to the 19Ne(p,γ)20Na reaction rate. However,

the 19Ne(p,γ)20Na reaction rate was still uncertain by 2 – 3 orders of magnitude over the

temperature range 0.3 < T9 < 1.3 (see Figure 4.2). The upper limit on the total reaction

rate shown in the figure was obtained by taking the sum of the direct capture rate, the

upper limit on the resonant rate for the 447 keV resonance, and the upper limit on the

sum of the contributions from the three higher resonances. The lower limit was obtained

by summing the direct capture rate and the lower limit on the sum of the contributions
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of the three higher resonances, and setting the lower limit from the 447 keV resonance to

zero.

Figure 4.2. Astrophysical reaction rate vs. temperature for the
19Ne(p,γ)20Na reaction (taken from Ref [9]). The solid lines show the limits
on the total reaction rate and the dotted lines show the contributions to the
total reaction rate due to direct capture (DC) component and the limits on
the resonant components as described in the text.

A more recent measurement of the 19Ne(p,γ)20Na reaction was reported using a new

recoil separator at the same facility, which further reduced the upper limit to ωγ ≤ 15

meV [70].

In summary, measurements of the 19Ne(p,γ)20Na reaction conducted over a 10-year

period have been unable to obtain a value for the resonance strength and were only able to

reduce the upper limit from ωγ ≤ 24 meV to ωγ ≤ 15 meV. This highlights the difficulty
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in measuring radiative capture reactions with the low intensity RIBs that are currently

available.

4.2.5. Information from the mirror nucleus 20F

Properties of states in 20Na have also been inferred from properties of states in the isospin

mirror nucleus 20F (as mentioned above). States in 20F are easily populated via the

19F(d,p)20F reaction, which has a large cross section, charged particle reaction products,

and utilizes a stable (deuteron) beam and easily fabricated target. States in 20F can

also be populated via thermal neutron capture [11] on 19F, and other reactions, which

have been compiled [8]. Consequently, much more information is available on the level

structure of 20F than on 20Na. Shell model calculations based on information from known

states in 20F can then be used to predict the properties of analog states in 20Na. The two

states in 20F that have been proposed as the possible analog of the 2.645 MeV state in

20Na are the Jπ = 3+ 2.966 MeV and the Jπ = 1+ 3.172 MeV states.

The Jπ = 3+ assignment for the 2.966 MeV is well established from a combination of

(d,p) reactions and partial lifetime measurements (summarized in [11] and [8]). The spin

and parity of the 3.172 MeV state in 20F, however, is less certain. The state is weakly

populated in transfer reactions and its lifetime is not known. This state is observed to

have “small single-particle strength for ` = 2 formation and no discernible ` = 0 strength”

[59]. A DWBA study of the 19F(d,p)20F reaction is consistent with ` = 2 transfer implying

Jπ = (1, 2, or 3)+ [71]. A similar analysis of the 18O(3He,p)20F reaction revealed ` =

0 and ` = 2 components in the angular distribution of the 3.172 MeV state, consistent

with a Jπ = 1+ assignment [72]. The only observed γ-decay of this state, populated
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via 18O(3He,p)20F, is an E1 transition to the Jπ = 1− state at 984 keV in 20F [73, 74].

No Gamow-Teller strength for a Jπ = 0+ → 1+ transition to this state was observed

from the β−-decay of 20O placing an upper limit on the branching ratio BR < 0.012%

and a lower limit on log ft > 5.08 [75]. These observations are consistent with the state

being described as the first 1+ 2 ~ω core-excited intruder state with a 6-particle 2-hole

configuration – (1p)−2(2s1d)6 [75, 72]. Evidence against the Jπ = 1+ assignment for

this state comes from thermal neutron capture experiments. The 3.172 MeV state is

weakly populated following thermal neutron capture by 19F [76, 11, 77]. The capture is

primarily direct capture [11] and therefore the initial system is a superposition of 0+ and

1+ states. No direct capture was observed to the 3.172 MeV state, nor were transitions

observed from the Jπ = 2− states at 5.936 and 6.018 MeV, through which most of the

capture proceeds [11, 8]. Raman et al., observed very weak transitions from the 3.965

MeV 1+ state to the 3.172 MeV state, and from the 3.172 MeV state to the 984 keV 1−

state [11]. The authors therefore prefer J ≥ 3 or J = 0, and favor Jπ = 0− but do not rule

out the Jπ = 1+ assignment with a 6p2h configuration [11]. Another spin assignment,

Jπ = 1−, was proposed for the 3.172 MeV state using a microscopic three-cluster model

[78]. However, the thermal neutron capture results [11] argue against this assignment.

A study of the 14N(7Li,p)20F reaction exploiting the compound-nuclear proportionality

rule, or “2J + 1” rule, supports the 1+ assignment [10]. The (7Li,p) cross sections for

states below 4.0 MeV in 20F are plotted against 2J + 1 in Figure 4.3. The proportionality

relationships for positive (black) and negative (red) parity states, given by σtot/(2J +1) =

4.95±0.22 and σtot/(2J +1) = 6.50±0.47, respectively, are shown with their uncertainties
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(dash-dotted lines) [10]. The 15.61± 0.85µb cross section for the 3.172 MeV state (blue)

clearly favors Jπ = 1+.

Figure 4.3. Total angle-integrated cross section vs. 2J + 1 for the
14N(7Li,p)20F reaction at 16 MeV (Ref [10]). The solid lines are fits by
Fortune & Bishop to the cross section being proportional to 2J +1 for pos-
itive (black) and negative (red) parity states. The 20F states are labeled by
their excitation energy in MeV.

4.2.6. Shell model calculations

Early estimates of the 19Ne(p,γ)20Na reaction rate calculated by Wallace and Wooseley

[14] included the only then known resonance at 2.89 MeV in 20Na, with all other reso-

nances assumed from the known states in 20F. The partial widths, when known, were taken
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directly from the analog states and in some cases were guessed from properties of neigh-

boring analog states. More sophisticated calculations corrected for the Thomas-Ehrmann

shift of resonant states in 20Na relative to their bound counterparts in 20F, assuming that

the reduced widths were equal, θ2
p = θ2

n, for analog states [40]. Progress over the years

has increased the accuracy and the sophistication of shell-model calculations. Shell model

calculations in the A = 20, T = 1 system have been made for energies up to 4 MeV [11],

using two-body matrix elements and interaction potentials constructed by Warburton,

Towner, Brown, and Wildenthal [79, 80, 81]. The calculated energy levels, labeled by

their Jπ values and energy, are compared to experimental energy levels in 20F and 20Na

in Figure 4.4. All the sub-threshold states in 20Na have been identified with their mirror

partners. The level assignments for the first two states above the proton threshold pro-

posed by Lamm et al [58] (black) and Brown et al [61] (brown) are indicated. The 19Ne +

p threshold and the Gamow energy window for this reaction at four different temperatures

are shown on the right side of the figure.

Once a state in 20Na has been identified with an analog state in 20F, resonance pa-

rameters in 20Na can be calculated, correcting for the Coulomb energy difference and

Thomas-Ehrmann shift. Many of the conclusions from the reported work on 20Na states

have relied on this identification with analog states in 20F. The choice of the proposed

analog of the 2.645 MeV state implies a different analog for the neighboring 2.849 MeV

state in 20Na. The two proposed level schemes for the first two states above the proton

threshold in 20Na have boiled down to Jπ = 1+ and 3+ and Jπ = 3+ and 3−, for the 2.645

MeV and the 2.849 MeV states, respectively. These two schemes correspond to three
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Figure 4.4. Level scheme comparing calculated and experimental energy
levels for 20F and 20Na with lines connecting possible analog states. The
19Ne + p threshold is shown on the right with Gamow windows for tem-
peratures ranging from 0.2 ≤ T9 ≤ 2. (Adapted from Ref [9], and Ref
[11])
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analog states in 20F – the 1+ state at 3.172 MeV, the 3+ state at 2.966 MeV, and the 3−

state at 2.865 MeV (see Figure 4.4).

The two spin assignments lead to different predictions for the resonance strength of

this state and, hence, different values for the thermonuclear reaction rate. The single

particle proton widths have been calculated [9] using a folding Woods-Saxon potential

and scaled by the spectroscopic factors measured for the mirror states in 20F converted to

their equivalent in 20Na using the shell model code OXBASH. For the proposed 1+ intruder

state, however, experimental neutron spectroscopic factors were used [71]. The gamma

widths were estimated from lifetimes that were calculated, as described in reference [61].

Fortune et al. [82] used the measured upper limit on the lifetime of the 2.966 MeV 3+

mirror state in 20F [83] to place an upper limit on the gamma width of the 2.645 MeV state

in 20Na. If the latest value of τ(20F, 3+, 2.966) = 5.2 fs [11] is used, this leads to a value

for the resonance strength, ωγ(20Na, 3+, 2.645) = 36.4 meV, which is inconsistent with

the experimental upper limit [70] of ωγ ≤ 15 meV. It should be noted that Fortune et al.

used earlier, less stringent limits on both the lifetime of the 20F 2.966 MeV analog state

and on the proton capture through the 20Na 2.645 MeV state and therefore concluded

that the inferred and measured resonances strengths were consistent. The results of the

calculations are summarized in Table 5.1 along with the current results.

To resolve this discrepancy, either a better measurement of the 19Ne(p,γ) reaction is

necessary, or the spin of the 2.645 MeV state needs to be determined. The following

two experiments, conducted between March 2003 and April 2006, set out to resolve this

controversy. The first experiment discussed below attempted to determine the spin of the

2.645 MeV state via a measurement of the angular distribution of the 3He(19Ne,d)20Na



86

reaction. The second experiment populated the 2.645 and 2.849 MeV states via the

3He(20Ne,t)20Na reaction and measured the branching ratio Γp/Γγ of the subsequent decay

for each state.

4.3. Determining the spin of the 2.645 MeV state from the 3He(19Ne,d)20Na

angular distribution

4.3.1. Background

One way to resolve this issue is to obtain an angular distribution for feeding this state in

a transfer reaction and compare it to DWBA calculations. The 3He(19Ne,d)20Na reaction

was chosen using a 19Ne beam impinging on a 3He target. In this reaction a 1+ state

in 20Na can be populated via an angular momentum transfer ` = 0 or 2, while the 3+

assignment requires an ` = 2 or 4 transfer. Previous attempts to determine the spin

of this state from angular distributions were made using the charge exchange reactions

20Ne(3He,t)20Na [56, 58, 12, 59] and 20Ne(p,n)20Na [56, 63] discussed above. Because

(3He,d) is a “stripping” reaction and does not require exchanging a nucleon with the target

nucleus, the angular momentum transfer should be easier to determine from the angular

distribution of the outgoing deuterons than for charge exchange or “knock out” reactions.

The code PTOLEMY was used to perform DWBA calculations for the 19Ne(3He,d)20Na

reaction with a bombarding energy of 4.0 MeV/u. The results are shown in Figure 4.5.

The calculations reveal a distinctively different shape for ` = 0 and ` = 2 transfers over

the angular range 30 − 50o in the center of mass system (cm). In this region there is a

clear minimum and maximum in the angular distribution for ` = 0 transfer compared

with a continuous falloff for ` = 2. If the measured angular distribution over this angular
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range exhibits the characteristic shape of an ` = 0 transition, we should be able to rule

out the Jπ = 3+ spin assignment.

Figure 4.5. DWBA calculation of the 19Ne(3He,d)20Na reaction at 4 MeV/u
populating the 2.645 MeV state in 20Na. The calculation reveals distinctly
different behavior for ` = 0 transfer (blue) and ` = 2 transfer (red) in the
angular range 30 ≤ θcm ≤ 50◦

4.3.2. Experimental details

The reaction was measured in inverse kinematics using a 19Ne beam produced via the

p(19F,n)19Ne reaction using the in-flight technique as described in Section 2.1. The gas

target was filled with 3He to 700 mbar and cooled with LN2 providing a target thickness of
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≈ 40 µg cm−2. The critical center-mass angle region of 30−50◦ corresponds to laboratory

deuteron angles ranging from 51.5 − 53◦ for the 2.645 MeV state for an incident 19Ne

beam energy of 76 MeV (4 MeV per nucleon). The Ludwig detector setup (described in

Section 2.2, and shown in Figures 2.2 and 3.3) was used with the annular DSSD covering

angles from 45 ≤ θlab ≤ 61◦ for the outgoing deuterons. The annular IC/PPAC was

positioned to cover the angular range of 1− 5◦ for the recoiling 20Na which were detected

in coincidence with the deuterons.

4.3.3. Discussion

Due to the low secondary beam intensity of ≈ 105 19Ne s−1 and the 19F contamination

from the primary beam this measurement relied heavily on the kinematic coincidence

technique and therefore on accurate particle identification of the recoils and on good

angular resolution in detecting the deuterons. In order to separate the 2.645 MeV state

from the neighboring 2.849 MeV state, an angular resolution of ≈ 1o was required for the

outgoing deuterons. Prior to the run, energy loss and angular scattering calculations were

performed using the SRIM 2006 [31] code for the outgoing deuterons passing through the

exit foils, which were usually titanium or Havar r©. These calculations revealed that the

angular straggling of deuterons through the exit foil was 1 ≤ ∆θ ≤ 1.5◦. The same

calculation for a plastic Kapton r© exit foil resulted in ∆θ ≤ 0.5◦. Therefore, it was

determined to replace the usual Havar exit foil with a 1.36 mg cm−2 Kapton foil. However,

the plastic exit foil stretched under pressure when the gas cell was filled. It was estimated

to stretch between 1.5 to 3 mm, more than doubling the effective length of the gas cell,

resulting in an angular resolution of ∆θ ≈ 1.5◦. More significantly, the protons from the
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elastic scattering by the hydrogen in the plastic foil gave a very high count rate in the

DSSD. There was additional background from the carbon, nitrogen and oxygen in the

Kapton, which was first discovered a few days into the run when the gas cell was emptied

for a background measurement. The resulting spectra obtained during the empty target

run looked identical to the previous runs with the 3He gas. Much effort was made to clean

up the spectra. However, due to the combined effects of the 1.5 × 1.5 mm beam spot,

the angular uncertainty due to the stretching of the exit foil, and the difficulty separating

the recoil nuclei of interest from the background, we were unable to obtain an angular

distribution for the 19Ne(3He,d)20Na reaction and, thus, any information about the spin

of the 2.645 MeV state.

4.4. Measuring the branching ratio Γp/Γγ of the 2.645 MeV state in 20Na

4.4.1. Background

For a measurement of the branching ratio Γp/Γγ the states in 20Na were populated by

the charge exchange reaction 3He(20Ne,t)20Na in inverse kinematics. While the previous

measurements of the 20Ne(3He,t)20Na reaction in normal kinematics were able to achieve

good energy resolution for the levels in 20Na, they were unable to determine the branching

ratio or partial widths for the 2.645 MeV state (see Section 4.2.1). The nucleus 20Na∗ can

decay either by γ-ray emission thus remaining 20Na, or it can break up into p + 19Ne.

One way to determine the branching ratio of the 2.645 MeV state is to look for tritons

in coincidence with γ-rays as attempted by Hofstee et al. [60]. In the current work, we

set out to identify the 20Na and 19Ne recoil nuclei in coincidence with the tritons. For

this purpose, inverse kinematics was essential for producing recoil nuclei with energies



90

sufficient for A and Z determination. Figure 4.6 shows the relationship between the

laboratory angle and energy of the recoiling 20Na nucleus produced via 3He(20Ne,t) and

20Ne(3He,t) reactions at 7.7 MeV per nucleon for comparison.

Figure 4.6. Comparison of the kinematics for the 20Ne(3He,t)20Na∗ (pink)
and 3He(20Ne,t)20Na∗ (blue) reactions populating the 2.645 MeV state in
20Na at 7.7 MeV per nucleon. The black horizontal lines indicate the angular
acceptance of the spectrograph.

In normal kinematics (pink) the recoiling 20Na nuclei have energies E ≤ 5 MeV with

an opening angle θmax = 25.5◦. Populating the same state via inverse kinematics results

in recoil energies 100 ≤ Elab ≤ 130 MeV confined to a cone with an opening angle

θmax = 3.7◦. The higher recoil energies make it possible to detect and identify both the
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20Na and the 19Ne using the techniques described in Chapter 2. The ratio of the number

of 19Ne ions to the number of 20Na ions in coincidence with a triton feeding a given state

provides a measure of the branching ratio Γp/Γγ. The kinematical-coincidence technique

had been used successfully to put a stringent upper limit on the branching ratio Γα/Γ in

the 3He(20Ne,α)19Ne∗ experiment discussed in Section 3.3. For states in the region just

above the proton threshold Γ = Γp + Γγ. Here Γp = Γp0 + Γp1 + Γp2, where pi represents

transitions to the 1/2+ ground state, the 5/2+ 238 keV state, and the 1/2− 275 keV state

in 19Ne, respectively. Similarly, Γγ includes transitions to all the bound states of 20Na.

However, because we did not measure the protons or γ-rays, the ratio of the total number

of 19Ne to 20Na in coincidence with a triton, gives the ratio of the total widths of each

channel Γp/Γγ. For the Jπ = 1+ assignment, the partial widths for decay to the excited

states in 19Ne are negligible. However, this is not the case for the Jπ = 3+ assignment

where there could be significant branching to 19Ne excited states (see Table 5.1 and the

accompanying discussion).

4.4.2. Experimental details

A 160 MeV 20Ne beam was incident on the 1.5 mm long gas cell target filled with 3He at

a pressure of 700 mbar. The beam current varied between 0.03 and 0.175 pnA or (2 – 10)

×108 20Ne s−1. The 3He gas was contained by 1.9 mg cm−2 Havar r© foils and cooled to

LN2 temperatures, resulting in an overall 3He thickness of around 40 µg cm−2. The same

detector setup (shown in Figure 2.3) and target were used as for the 3He(20Ne,α)19Ne∗

experiment. A 500 µm thick square DSSD (described in Section 2.3.2) was positioned

to cover triton angles from 19 ≤ θlab ≤ 29◦. The incident 20Ne ions lost about 6 MeV
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in the entrance foil resulting in 154 MeV 20Ne on target. At this incident beam energy,

states populated above 2.0 MeV in 20Na produce tritons with a maximum opening angle

of around 28◦ and energies 5.5 ≤ Elab ≤ 30 MeV at the angles covered by the DSSD.

Kinematic curves of triton angle vs. energy for the 2.057, 2.645 and 2.849 MeV states in

20Na are shown in Figure 4.7.

Figure 4.7. Kinematic curves of laboratory angle vs. energy for tritons
populating the 2.057 (green), 2.645 (blue), and 2.849 (red) MeV states in
20Na for 3He(20Ne,t)20Na∗ reaction at 154 MeV. The DSSD covers angles
between 19 ≤ θlab ≤ 29◦ (black).

A 21 mg cm−2 Mylar r© absorber foil was placed in front of the DSSD to stop the elasti-

cally scattered 20Ne beam particles. The Enge split-pole magnetic spectrograph (SPS) was
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used to detect the recoil nuclei and was positioned to cover angles from 2.3 ≤ θSPS ≤ 4.3◦.

The magnetic field was set to cover 95 – 135 MeV Ne and Na ions. Figure 4.8 shows the

angular coverage for 20Na-t coincidence detection of the 3He(20Ne,t)20Na∗ reaction at 154

MeV for states at 2.057, 2.645, and 2.849 MeV.

Figure 4.8. Triton angle vs. 20Na angle for the 3He(20Ne,t)20Na∗ reaction
at Elab = 154 MeV. Kinematic curves are shown for the 2.057 (green), 2.645
(blue) and 2.849 (red) MeV states in 20Na. The angular coverage of the
DSSD (y-axis) and the spectrograph (x-axis) is shown by the black box.
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4.4.3. Data Analysis

The electronics used for this experiment have been described in Section 2.3.2 and shown

as a block diagram in Figure 2.4. The parameters are summarized in Table 4.1.

Table 4.1. Summary of the relevant parameters used for particle identifica-
tion and data analysis.

Parameter Description
E Total integrated charge under the Bragg curve measured in the

IC/BCD
Z Height of the Bragg peak measured in the IC/BCD

RANGE Electron drift time through the ionization chamber determined
from the TAC between the PPAC and the IC anode and is pro-
portional to (dE/dx)−1

POSPP Focal plane position derived from the time difference between
the PPAC wire grid signals HEPO, HEPI, LEPO, and LEPI

TSI Coincidence time between the spectrograph PPAC and the
DSSD

ESI Calibrated energy signal from the front (EF ) and back (EB) of
the DSSD

A logical OR between the DSSD and the spectrograph PPAC was used as the event

trigger for all signals to be read out and written to tape. The data acquisition program

DAPHNE [84] provided the interface between the CAMAC ADC signals and the VAX-α

computer used for data storage and on-line analysis. The data from each of the output

signals shown in Figure 2.4 were sorted and binned into histograms. A broad window

placed on the one-dimensional coincidence time spectrum TSI was applied as a gating

condition to eliminate the large number of singles events. Additional software gates re-

quired that both the front and the back of the DSSD produced a signal, EF and EB,
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respectively, and that these energy signals be the same. The logical AND of these condi-

tions together with the TSI window comprised the preliminary conditions applied to the

two-dimensional spectra used for particle identification.

To identify the heavy ion species the particles were first sorted by their nuclear charge

Z. Two-dimensional histograms of RANGE vs. E2 (Figure 4.9) and Z vs. E (Figure 4.10)

were used to separate the Na (Z = 11) from the Ne (Z = 10) groups as described in

Section 2.3.2.

The Na and Ne groups were better separated in the RANGE vs. E2 spectrum; there-

fore, these windows were used as the primary Z gate for ion species identification. The

Z vs. energy windows were used to help clean up the spectra. The windows from these

two spectra were then applied as conditions on the two-dimensional spectrum of Energy

vs. focal plane position (POSPP) to identify the respective isotopes. The focal plane

position is proportional to the particles magnetic rigidity, Bρ, as discussed in Section 2.3,

providing separation by their mass and atomic charge state squared when plotted against

the energy signal. Figure 4.11 shows the E vs. POSPP spectrum before applying the Z

gates.

Applying the Z gates to this spectrum reveals the different charge state groups for Na

and Ne. Windows are drawn around the two charge states of 20Na (Figure 4.12) and 19Ne

(Figure 4.13).

The dominant groups in Figure 4.12 are 21Na from the 3He(20Ne,d) reaction. The

high-energy tail of the 21Na10+ group extends beyond the edge of the focal plane, which

cuts off around channel 215. Leakage from the tails of the neighboring Ne Z gates (see
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Figure 4.9. Range vs. E2 spectrum with the preliminary gating conditions
applied. The various ion species are indicated and windows are drawn
around the Na and the Ne groups.

Figure 4.13 and Figure 4.14) can be seen just above the 10+ charge states of Na. However,

the 11+ charge states of Na are well isolated from the Ne background.

The dominant groups in Figure 4.13 are 20Ne from the scattered beam, flanked by

19Ne (above) and 21Ne (below), respectively for each charge state. 21Ne can be produced

via 2-p evaporation of the compound nucleus 23Mg. The groups to the left of 19Ne are
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Figure 4.10. Nuclear charge Z vs. energy spectrum with the same gating
conditions applied. The Z groups are indicated and windows are drawn
around the Z = 11 and Z = 10 groups.

most likely due to leakage from the low-energy tails of the neighboring Na Z gates (see

Figures 4.9 and 4.10).a The windows in Figures 4.12 and 4.13 were used to define the final

particle identification condition and were combined as a logical AND with the Z gates,

the coincidence time, and the DSSD conditions described previously.

aSome of these events can also be 18Ne10+ and 17Ne10+, due to the breakup of the compound nucleus
23Mg∗ into 18Ne α + n and 17Ne + α + 2n, respectively.
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Figure 4.11. Energy vs. position spectrum without the Z gates applied. Ion
species are separated by their momentum and the square of their charge
state. The dominant group is 20Ne10+ due to the scattered beam.

The DSSD was not thick enough to stop tritons with energies greater than 12 MeV,

which resulted in a partial energy signalb. Therefore, an additional gate was required

to determine if the particle stopped in the detector. A two-dimensional spectrum of the

recoil energy measured in the spectrograph ionization chamber versus the triton energy

measured in the DSSD is shown in Figure 4.14.

bParticles that do not stop in a detector are sometimes referred to as “punch-throughs.”
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Figure 4.12. Energy vs. position spectra with the Na Z gates applied. The
relevant groups are labeled and windows are drawn around the two charge
states of 20Na.

The spectrum in Figure 4.14 has been gated for 20Na-t coincidences, which includes

the coincidence time, the DSSD conditions, the Na Z gates and the 20Na m/q gates. The

turning point where the tritons punch through the detector is indicated by the wedge-

shaped window at the right. A spectrum was also generated for 19Ne-t coincidence and

similar windows were drawn. The stopped triton windows were used as a final gating

condition and used to calculate the Q-value.
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Figure 4.13. Energy vs. position spectra with the Ne Z gates applied.
Windows are drawn around the two charge states of 19Ne.

A Q-value spectrum was generated from the energy and angle of the ejectile provided

by the DSSDc. For a reaction of the form 1(2,3)4, where 1 is the target, 2 is the incident

beam, 3 and 4 are the reaction products, the reaction Q-value is given by

(4.3) Q = T3

(
1 +

m3

m4

)
− T2

(
1− m2

m4

)
− 2

√
m2m3T2T3

m2
4

cos (θ3)

cThis equation is also valid when the 20Na breaks up in 19Ne + p because we only use the measured
energy and position of the triton, which is fully determined by 2-body reaction kinematics. The Q-value
then represents the excitation energy in 20Na before it decays by proton or gamma ray emission.
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Figure 4.14. IC/BCD (20Na) energy vs. DSSD (triton) energy spectrum
gated for 20Na-t coincidences. The windows indicate three regions that
were used to separate the tritons that stopped in the DSSD as described in
the text.

Where Ti is the kinetic energy and mi the mass of particle i, and θ3 is the angle of particle

3 relative to the beam direction. The beam energy (T2) was taken at the center of the

gas target and the scattering angles θ3 were calculated from the XY-pixel position on the

DSSD. The triton energy (T3) was measured in the DSSD and corrected for the energy lost
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by the tritons in passing through the Havar and the Mylar foils using the code ENELOSS

[85].

The Q-value resolution depends on both the angular resolution and the energy resolu-

tion. The angular resolution depends on the geometry of the experiment, the size of the

DSSD pixels (1 mm2), the diameter and position of the beam spot, and on the location

within the gas cell where the reaction takes place. In this case, the beam spot diameter

(3 mm) and the length of the gas cell (≈ 1.5 mm) are the dominant source of the angular

uncertainty. Adding these together in quadrature gives an overall angular uncertainty

∆θ = 0.84◦. Contributions to the energy resolution come from the uncertainty of the

beam energy and from the uncertainty in the energy of the outgoing tritons. The uncer-

tainty in the beam energy is due to the energy straggling in the entrance foil, 120 keV, the

energy straggling in the gas cell, 20 keV, and the uncertainty due to the energy loss in the

3He gas, 150 keV. Adding these in quadrature gives ∆E = 193 keV. For a triton with 11

MeV emitted towards the center of the DSSD at θ = 24◦, the uncertainty in energy comes

from the intrinsic energy resolution of the silicon detector and electronics, 50 keV, and

the energy and angular straggling of the tritons through the Havar exit foil and the Mylar

absorber foil, 5 and 40 keV, respectively. The energy lost by the tritons on the 3He gas is

negligible. Adding these in quadrature gives 64 keV, for a total energy resolution of about

203 keV, in reasonable agreement with the observed Q-value resolution (see Figures 4.15

– 4.17). This simple estimate gives the average energy resolution in the Q-value spectrum

near the center of the DSSD. The Q-value resolution is slightly better at smaller angles

and higher energies and slightly worse at larger angles and lower energiesd. The overall

dAdditionally, some of the quantities here are strongly correlated; therefore, calculations that are more
detailed should be made which include the full range of triton energies and angles.
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Q-value resolution depends very much on the reaction kinematics. The kinematic curves

for tritons populating the 2.057, 2.645, and 2.849 MeV states in Figure 4.7 (above) shows

the effect of the relationship between angle and energy. It is clear from the figure that

the best way to separate closely spaced states is to measure them near the maximum

triton angle (top of the curves) for each state. This portion of the kinematic curves for

the 2.645 and 2.849 MeV states occurs near the central angle of the detector by design

of the experiment. At 24◦ the energy changes with angle by dE/dθ ≈ 1.3 MeV, while at

22◦, dE/dθ ≈ 600 keV. Hence, these two states that are only 200 keV apart in excitation

energy, are separated by 600 keV near 22◦ and by 1.3 MeV near 24◦ on the low energy

side of the curve. Figure 4.15 shows the resulting Q-value spectrum generated after gating

with the appropriate conditions for 20Na-t coincidences and the stopped tritons.

The Q-value spectrum exhibits a large peak near excitation energy Ex = 1.9 MeV

in 20Na that contains contributions from three closely spaced states indicated in the

figure. The weighted mean energy of these states 〈E〉 = 1.94 MeV and the well-resolved

1.346 MeV state was used to calibrate the energy scale. The states were identified by

comparing our Q-value spectrum with the previous 20Ne(3He,t)20Na experiments discussed

in Section 4.2.1. As expected, very few counts appear to the left of the proton threshold

at 2.195 MeV. Figure 4.16 shows the same spectrum gated for 19Ne-t coincidence events.

In Figure 4.16, most of the counts appear above the proton threshold, as expected.

However, some counts appear in the “forbidden” region below threshold. These events

are due to protons from the breakup of 20Na∗ into 19Ne + p and are discussed below in

more detail. Figure 4.17 combines these two spectra to give the complete 20Na excitation

energy spectrum for the states below 3.5 MeV.
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Figure 4.15. Q-value spectrum for 20Na-t coincidence events. The known
states (black) and the proton threshold (red) are indicated.

The ground state was not observed. At the angles covered in this work, tritons pop-

ulating the ground state in 20Na have energies that are either too low, Et < 6 MeV, to

pass through the Mylar absorber foil, or too high, Et > 15 MeV to stop in the DSSD.

The triton energy spectrum measured for the 20Ne(3He,t)20Na reaction at Ebeam = 33.4

MeV by Clarke et al.[12] is shown in Figure 4.18 for comparison
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Figure 4.16. Q-value spectrum for 19Ne-t coincidences.

The resolution achieved by Clarke et al. was very much better and the reasons for the

width of the peaks in the present experiment are discussed in detail above. While some

of the effects may be unique to the present work the rapid variation of reaction product

energy with angle is inherent in inverse kinematics and means that even reasonably good

angular resolution can lead to poor Q-value resolution. However, we were able to observe



106

Figure 4.17. The composite Q-value spectrum for 20Na showing excitation
energies below 3.5 MeV obtained from 20Na-t (pink) and 19Ne-t (blue) co-
incidences.

how the states decayed which Clarke et al. and the others using normal kinematics could

not do. The energy region of the Q-value spectrum of Figure 4.17 is indicated by the

vertical red bars in Figure 4.18. The 2.645 and 2.849 MeV states of interest in this

work are labeled as peak numbers 8 and 9, respectively, in Figure 4.18. Both spectra
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Figure 4.18. Triton energy spectrum taken from Ref [12] is shown here for
comparison. The energy region covered in the current work is indicated by
the vertical red bars (states 1– 11). (Courtesy of Nobby Clarke)

(Figures 4.17 and 4.18) show a large peak near 2.0 MeV corresponding to two strongly-

fed states at 1.847 and 1.992 MeV, labeled 5 and 6, respectively, and a relatively weak

state at 2.057 MeV (labeled 7). Peak number 4 in Figure 4.18 corresponds to the 1.346
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MeV state in Figure 4.17. These two groups were used to calibrate the Q-value spectrum

in Figure 4.17 in the following way: 20Na-t and 19Ne-t coincidence events for tritons that

were stopped in the DSSD were plotted with the kinematic curves for the known energy

levels ≤ 3.0 MeV for the angular coverage of the DSSD (Figure 4.19).

Figure 4.19. Kinematic curves for tritons produced via the 3He(20Ne,t)20Na
reaction at 154 MeV. States between 0.5 and 3.0 MeV in 20Na are shown
for the angular and energy range covered by the DSSD. The data are shown
with the corrected triton energies in coincidence events with 20Na (black)
and 19Ne (orange).

From the upper left to the lower right of the figure, curves are shown for 600, 800,

and 984 keV (brown), 1.346 MeV (pink), the 1.847, 1.992, and 2.057 MeV triplet (green),
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followed by the 2.645 (red), 2.849 (blue), and 3.001 MeV (cyan) states. The energy-

corrected data shown in Figure 4.19 were restricted to the middle ten horizontal strips of

the DSSD to minimize the angular spread due to the pixel size.

As expected, very few 20Na-t coincidence counts appear to the left of the large peak in

the region above the proton threshold at 2.195 MeV of the Q-value spectrum (Figure 4.19).

Conversely, when gating on 19Ne-t coincidences, very few counts appear below the proton

threshold, with most counts coming in groups at 2.645, 2.849 and 3.001 MeV as indicated.

The 19Ne-t events (blue) that do appear to the right of the proton threshold in the

“forbidden” region below the proton threshold can be understood by considering that

the Q-value calculation (Eqn 4.3) assumes that all the particles detected in the silicon

detector in coincidence with a 20Na or 19Ne ion in the spectrograph are tritons. For

states in 20Na below 3.0 MeV, the opening angle of the protons emitted by the recoiling

nucleus is less than 20◦ with respect to the 20Na trajectory and, therefore, these protons

do not reach the DSSD with a 19Ne coincidence in the spectrograph. However, for states

in 20Na between 3.0 – 5.5 MeV, which are energetically allowed at this beam energy,

the emitted protons have sufficient energies and opening angles to hit the DSSD. These

events can mimic “good” 19Ne-t coincidence events with respect to the gating conditions

while yielding incorrect Q-values. As a further check, these data were analyzed using the

Data Desk 6.1 [86] software, which allows one to correlate the data appearing in different

histograms on a point-by-point basis. The 19Ne-t events that appear in the “forbidden”

region were evenly dispersed throughout the gating windows. Therefore, we were not able

to eliminate them by gating with narrower windows.
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The assumption of zero background for the 20Na-t coincidences can be justified by a

closer inspection of the gated energy vs. focal plane spectra shown in Figures 4.12 and

4.13. The 19Ne and 20Na windows are well separated from the stronger groups of 20Ne and

21Na, with the exception of the 20Na10+ group, which has some overlap with the 20Ne10+

group. However, no additional counts from the 20Na10+ window appear near the inter-

esting 2.645 and 2.849 MeV states in the Q-value spectrum. A further justification for

assuming zero background can be seen from observing the effect of the particle identifica-

tion gates on the Q-value spectrum as shown in Figure 4.20. The upper (black) spectrum

requiring only a general coincidence between the DSSD and the spectrograph together

with the conditions on the DSSD shows the number of counts steadily increasing with

decreasing excitation energies (more positive Q-values). Applying the Ne (dark blue) and

Na (purple) Z gates (Figures 4.13 and 4.14) significantly reduces the background in the

astrophysically interesting region above the proton threshold at 2.195 MeV. The number

of gated Na events is about an order of magnitude smaller than the number of gated Ne

events throughout the spectrum, as expected.

The spectra resulting from adding the m/q and the stopped triton gates obtained

for 20Na-t (pink) and 19Ne-t (blue) coincidences are shown for reference. The 20Na-t

coincidences obtained at 2.645 MeV appear to be the first observation of the γ-decay of

this state.

For the “forbidden” 19Ne-t coincidences, the 14 counts in Figure 4.20 to the right of

2.2 MeV cover 35 channels for 0.4 counts per channel. The 2.645 and 2.849 MeV states

are 7 channels wide, therefore 2.8 counts per state were subtracted as background for
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Figure 4.20. Q-value spectrum from Figure 4.17 with some of the gating
conditions removed. The upper spectrum (black) includes only coincidence
and DSSD conditions. Z gates for Ne (dark blue) and Na (purple) were
applied to obtain the next two spectra. The lower Q-value spectra include
the additional isotope separation for 20Na (pink) and 19Ne (blue) and the
stopped triton condition.

the counts given in Table 4.2. However, based on the previous discussion, this simple

background approximation most likely overestimates the background in this region.
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4.5. Results

The following results were obtained from the efficiency and background corrected

number of counts within the 2.645 and 2.849 MeV peaks in the Q-value spectrum (Fig-

ure 4.19). The overall detection efficiency includes the relative efficiency for detecting

20Na-t and 19Ne-t coincidences due to the geometry of the detector setup. Because we

detect the tritons in both cases, the intrinsic detection efficiency and solid angle coverage

of the DSSD are the same in both cases and cancel when taking the ratio. Therefore, the

relative efficiency is determined completely by the relative numbers of 20Na and 19Ne ions

detected in the spectrograph. The 19Ne ions produced from the proton decay of 20Na are

emitted in the direction of the original 20Na into cones with opening angles that increase

with increasing excitation energy. The relative numbers of 19Ne and 20Na that make it

into the finite entrance aperture of the spectrograph were calculated using a Monte Carlo

simulation that accounts for the reaction kinematics, the detector geometry, and the di-

ameter of the beam spot. Further, some of the 19Ne ions with charge state q = 9+ did

not make it to the focal plane of the spectrograph. Therefore, only the counts from the q

= 10+ charge state were used. However, for 20Na both the q = 11+ and 10+ charge states

were accessible (compare Figures 4.16 and 4.17). The relative efficiencies for detecting

19Ne and 20Na were also corrected for the focal plane acceptance of the charge state dis-

tributions. The efficiency corrected number of counts for both the 2.645 and 2.849 MeV

states are given in Table 4.2. Also shown is the ratio of counts Np/Nγ, which is equivalent

to the branching ratio Γp/Γ.

We have assumed no background 20Na-t (Nγ) events. For the 19Ne-t (Np) events, we

have extrapolated the small background observed in the “forbidden” region. The upper
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Table 4.2. The corrected number of counts in the Q-value coincidence spec-
tra and the resulting branching ratios for the first two states above the
proton threshold in 20Na. The upper and lower limits (UL/LL) are shown
for 84.13% (1σ), 90% and 95% confidence levels (CL).

Ex (MeV) Np Nγ Np/Nγ UL LL CL (%)
2.645 31.2 2.06 15.1 43.9 6.28 84.13

57.9 5.42 90.0
85.7 4.53 95.0

2.849 48.8 0 ∞ ∞ 26.0 84.13
20.7 90.0
15.8 95.0

and lower limits and the confidence limits were calculated from the approximations for

Poisson statistics with small numbers of events given by Gehrels [87]. For two kinds of

distinguishable events, each assumed to be randomly distributed according to Poisson

statistics, the distribution of the ratio of the frequency of the two events is determined by

binomial statistics. The upper and lower limits on the ratio of the two events are given

by equations (19) and (20) of Gehrels.

(4.4) r12u =
p1u

(1− p1u)

(4.5) r12l =
p1l

(1− p1l)
=

1− p2u

p2u

Here, r12u and r12l are the upper and lower limits for the ratio of events of type 1 to

type 2, and p1u and p2u are the single-sided upper limits for the ratio of type 1 and type

2 events to the total number of events respectively. The quantity p1l can be obtained
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from the upper limit p2u by using the same expression as for p1u and switching n1 and n2.

For the 2.645 MeV state with Np = 31.2 and Nγ = 2.06, p1u was approximated by the

expression

(4.6) p1u ≈
(n1 + 1) e2w + εn2

(n1 + 1) e2w + n2

, where ε = 0.64 (1− S) e−n2

Here n1 and n2 are the number of events of type 1 (Np) and type 2 (Nγ) respectively, S is

the number of standard deviations, or Gaussian σ. The w that appears in the exponent

is a complicated function defined in the Gehrels paper and has been derived from the

relationship between the binomial sum and the incomplete beta function ([87], page 344,

and references therein).

For the 2.849 MeV state, Nγ = 0 is a special case with an exact expression for the

single-sided lower limit given by p1l (n2 = 0) = (1− CL)1/n1 . The lower limit on the ratio

r12l was obtained by inserting this expression into Eqn (4.5).

4.6. Summary

The current work reports the first measurement of the branching ratio Γp/Γγ =

15.1+28.8
−8.9 (1-σ CL) for the 2.645 MeV in 20Na. For the 2.849 MeV state, a lower limit on

the branching ratio Γp/Γγ ≥ 26.0 (1-σ CL) was also obtained. The current measurement

of the branching ratio of the 2.645 MeV state corresponds to Γγ/Γ ≈ 0.06 in good agree-

ment with the previous estimate of Γγ/Γ ≈ 0.1 [60] and with the calculated value for the

Jπ = 1+ assignment in Table 4.2.
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CHAPTER 5

Conclusion

5.1. Status of the 2.645 MeV state in 20Na

The branching ratios for the decay of the 2.645 and 2.849 MeV states can now be com-

pared with the predicted values of the 19Ne(p,γ)20Na∗ resonance parameters in Table 5.1,

which has been updated from Table II of Vancraeynest [9].

Table 5.1. Comparison of the calculated 19Ne(p,γ)20 Na∗ resonance parame-
ters for the 2.645 and 2.849 MeV states in 20Na for the proposed spin-parity
assignments with the experimental branching ratios.

Ex Er J π Γγ Γp0 Γp1 ωγcalc ωγexp Γp/Γγ Γp/Γe
γ

(MeV) (keV) (meV) (eV) (eV) (meV) (meV) calc exp
2.645 450 1+ 9.3 .083 � Γp0 6 ≤ 15 8.9a 6.3 – 43.9
2.645 450 3+ 81b 0.28 0.73 36.4b ≤ 15 12.5b 6.3 – 43.9
2.849 654 3+ 164 14 387 10 2445a ≥ 26.0
2.849 654 3− 23c 0.016 0.275 2 13.5b∗ ≥ 26.0

a[58] Assumes an ` = 2 transition in the calculation of the resonance strength ωγ.
b[82] Corrected for the measured lifetime of the 2.966 MeV state in 20F [11].
c[9] Deduced from the measured lifetime of the 2.865 MeV state in 20F [11]
eCurrent work
∗includes a small contribution from p2 transitions, Γp2= 0.0196.

For the 2.645 MeV state, the branching ratios predicted for both Jπ = 1+ and 3+

spin assignments fall within the experimental limits at the 1-σ level. However, for the

2.849 MeV state the experimental lower limit Γp/Γγ ≥ 26.0 is well above the calculated

branching ratio Γp/Γγ = 13.5 for the 3− assignment, but consistent with the calculated

branching ratio forJπ = 3+. The calculated branching ratio for this state predicts that
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3 to 4 20Na-t coincidences should have been observed at this energy but no counts were

observed. It is unlikely that the 2.645 and the 2.849 MeV states have the same spin-parity.

Therefore, if the spin of the 2.849 MeV state is 3+, we can infer that the spin of the 2.645

state is more likely Jπ = 1+.

Taking the most stringent upper limit on the resonance strength of the 2.645 MeV

state, ωγ ≤ 15 meV [70], together with the present branching ratio result, strengthens

the argument for a Jπ = 1+ 2.645 MeV state and a Jπ = 3+ 2.849 MeV state. These

results are shown graphically in a “semi-exclusion/inclusion” plot of Γp0 vs Γγ for each of

the two spin assignments for the 2.645 MeV state. The values for Γp0 and Γγ allowed by

the upper limit on the resonance strength along with their calculated values are shown in

Figure 5.1 (Jπ = 1+) and Figure 5.2 (Jπ = 3+). An uncertainty factor of 1.7 is assigned

to widths calculated from the properties of mirror states as determined by Iliadis et al.

[88].
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Figure 5.1. Semi-exclusion/inclusion plot comparing the experimental lim-
its with the calculated partial widths for the 2.645 MeV state with Jπ =
1+. The experimental Γp/Γγ is the diagonal green line with the 1-σ upper
and lower limits shaded in green. The experimental upper limit on ωγ is
the black curve with the restricted area to the upper right shaded in red.
The calculated partial widths are shown as blue lines with the uncertain-
ties shaded in blue. The pink shaded area defines the region where the
calculated partial widths and the measured branching ratio overlap.

For the Jπ = 1+ assignment (Figure 5.1), Γp1 is negligible and therefore the measure-

ment of Γp/Γγ is a measure of Γp0/Γγ. However, for Jπ = 3+ Γp1 is significant, in fact

dominant, and therefore the error in Γp1 has to be taken into account. Again, this error

is taken to be a factor of 1.7. The effect of this uncertainty on ωγ is illustrated by the

dashed black lines in Figure 5.2.
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Figure 5.2. Same as Figure 5.1 calculated for Jπ = 3+. Here the uncertainty
in ωγ due to the uncertainty in Γp1 is indicated by the dashed black curves.

The evidence about the spin of the 2.645 MeV state can be summarized as follows:

Favoring Jπ = 3+:

(1) The re-analysis by Clarke et al. [62] comparing the 20Ne(3He,t)20Na and the

20Ne(t,3He)20F mirror reactions.

(2) The absence of ` = 0 strength in Anderson’s [63] 20Ne(p,n)20Na data, and in the

22Mg β-decay experiments. Some have argued that these could be explained by

a 1+ intruder state configuration.
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(3) Brown and Fortune [61, 82] have used Shell Model calculations to argue that

the Coulomb shift is too large for the proposed 1+ analog state in 20F.

Favoring Jπ = 1+:

(1) 20Ne(3He,t)20Na angular distributions by Kubono and Lamm [55, 58].

(2) 20Ne(p,n)20Na angular distributions by Kubono [56].

(3) Calculated resonance strength, ωγ, using a combination of shell-model calcula-

tions and properties of states in 20F compared to the experimental upper limit.

This was the conclusion of Vancraeynest [9] and is the result of the Fortune [82]

calculation if the latest data is used.

(4) Fortune and Bishop’s 2J + 1 data [10] confirming the spin of the proposed analog

state in 20F as Jπ = 1+.

(5) The absence of observed 20Na-t coincidences feeding the 2.845 MeV state in the

current branching ratio experiment favors Jπ = 3+ for this state, inferring that

the 2.645 MeV state is therefore Jπ = 1+ [current work].

5.2. Outlook

The branching ratios, Γp/Γγ, were measured for the 2.645 and the 2.849 MeV states in

20Na by populating the states via the 3He(20Ne,t)20Na∗ reaction at 4.5 MeV per nucleon

and observing the heavy particle recoils in coincidence with the tritons. The observation

of 20Na from the 2.645 MeV state represents, for the first time, an observation of the

γ-decay of this state.



120

While the totality of evidence appears to favor theJπ = 1+ assignment for the 2.645

MeV state and Jπ = 3+ for the 2.849 MeV state in 20Na it cannot be said that the issue

has been settled. Possible improvements to the present experiment would include:

1. Addition of particle identification for the light particle, e.g. adding a dE/dx detector

to identify the light particle.

2. Thicker DSSD’s that would stop all of the tritons of interest. While such detectors

are presently not commercially available, one would expect that they will become available

in the not too distant future.

3. Better angular and energy resolution so that the inelastic scattering could be

observed, thus providing a measure of Γp1.

Even if all of these improvements could be made it is not certain that the spin of

the 20Na 2.645 MeV state, much less the resonance strength, would be definitively es-

tablished. A more fruitful path would be another attempt at measuring the resonance

capture directly. The gamma decay of the state observed here implies that the resonance

strength is within about a factor of two of the present upper limit. Therefore, there is

a good chance that sufficient improvements over previous measurements could be made

so that the capture could be observed and the role of the radiative capture through the

2.645 MeV state in 20Na in the breakout from the hot CNO cycle to the rp-process could

be definitively established.
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hummer, Cs. Sükösd, and M. Wiescher. 19Ne(p,γ)20Na and 19Ne(d,n)20Na reactions
and its astrophysical implications for the transition of the hot CNO cycle to the rp
process. Phys. Rev. C, 57(5):2711–2723, May 1998.

[10] H. T. Fortune and J. N. Bishop. Study of the 14N(7Li, p)20F reaction. Nuclear Physics
A, 293(1 - 2):221–229, Dec 1977.

[11] S. Raman, E. K. Warburton, J. W. Starner, E. T. Jurney, J. E. Lynn, P. Tikkanen,
and J. Keinonen. Spectroscopy of 20F levels. Phys. Rev. C, 53(2):616–646, Feb 1996.

[12] N. M. Clarke, P. R. Hayes, M. B. Becha, C. N. Pinder, and S. Roman. BRIEF
REPORT: Charge exchange reactions leading to the mirror nuclei 20Na and 20F.
Journal of Physics G Nuclear Physics, 16:1547–1552, Oct 1990.

[13] E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and F. Hoyle. Synthesis of the
Elements in Stars. Reviews of Modern Physics, 29:547–650, 1957.

[14] R. K. Wallace and S. E. Woosley. Explosive hydrogen burning. ApJ. Supp., 45:389–
420, Feb 1981.

[15] Donald D. Clayton. Principles of Stellar Evolution and Nucleosynthesis. The Univer-
sity of Chicago Press, Chicago and London, 1984.

[16] H. A. Bethe. Energy Production in Stars. Phys. Rev., 55(5):434–456, Mar 1939.
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