ABSTRACT

PORTILLO CHAVES, FEDERICO EXEARIO. "Ne Excited States and Resonances in the
188 (p,a)°0 Reaction in Classical Novae. (Under the direction of Richard Longland).

Classical novae are stellar explosions that occur in close binary star systems containing
a white dwarf and a main sequence star. These events produce '8E a radioactive element
whose lifetime (~ 110 min) is long enough to decay once the envelope is transparent to the
511 keV 7y rays. The positrons resulting from the ®F decays annihilate with electrons in the
medium emitting gamma rays that are predicted to provide information about classical
novae (e.g., the dynamics of the explosion). To date no gamma rays coming from Fhave
been detected despite decades of efforts. However, '®Fabundances have been obtained
from spectroscopic observations of nova ejecta but they differ from those predicted using
computational models. This discrepancy is mainly due to uncertainties in the cross section
of the '®F destruction reaction ®F(p, @)'°0 at nova temperatures. Specifically from poor
knowledge of the compound nucleus, °Ne, in the energy region near the proton threshold.
Another important contribution to uncertainties in this reaction is the effect of interference
between low and high energy resonances in the '8F + p system. To study interference effects
it is very important to determine the spin and parity of resonances in this system as well as
quantities such as partial widths and energies. In this thesis, the *?°Ne(®*He, *He)°Ne neutron
pick up reaction, performed at the Triangle Universities Nuclear Laboratory, was used to
populate °Ne excited states. New energy values for these states are determined and a new
energy compilation is provided, together with recommended values. Comparisons between
experimental and theoretical angular distributions for each state are made to obtain their
spin and parity. It was found that the proton sub-threshold resonance corresponding to the
9Ne excited state at 6.1327 (9) MeV has a spin and parity of 3/2*. The one corresponding to
the 6.2897 (15) MeV state could not be uniquely determined since we obtained a spin-parity
of 1/2" and 7/2%, indicating the presence of an unresolved doublet in the 6.28 - 6.29 MeV
energy region. The interference effects of these sub-threshold resonances are investigated
using the R-matrix formalism. The R-matrix analyses done in this work indicate that the
presence of near sub-threshold resonances contributes to increase the *F(p, a)'°0O reaction
rates by nearly 93 % at T = 0.15 GK. This increase is due mainly to the interference involving
1/2* resonances, which increases the rates by ~ 80 % with respect to the case when there
are no sub-threshold resonances present. The sub-threshold resonance with 3/2* has a

small but not negligible effect in the reaction rates decreasing by ~ 7 %, while the 7/2*



component of the doublet in the 6.28 - 6.29 MeV region does not contribute to the reaction
rates. Although in this work the spin and parities of the sub-threshold resonances relevant
to classical novae were determined, new and more precise values of partial widths for
observed resonances as well as more spectroscopic information about the °Ne levels are
needed to further constrain the ¥F(p, )'°0 reaction rates.
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CHAPTER

1

INTRODUCTION

Nuclear Astrophysics is the branch of astrophysics that uses nuclear physics to study stellar
phenomena (e.g., stars, globular clusters) and the origin of elements in the universe. In 1948
Gamow et al. [Alpher et al., 1948] were the rstto theorize about the abundance of elements

in the universe and the conditions that must occur for their generation. Two years later
Burbidge, Fowler, Hoyle [Burbidge et al., 1957], and Cameron [Cameron, 2013] in parallel,
further developed this idea proposing in detail the generation processes by which elements
are formed, establishing formally the eld of nuclear astrophysics. Later collaboration with
nuclear physicists led to the beginning of experimental nuclear astrophysics, a branch of
nuclear astrophysics that uses experimental nuclear physics to reproduce in a laboratory
nuclear reactions that occur in stars. However, only stars ! have the high densities and
temperatures required to produce these reactions that occur inside them (e.g., to overcome
the Coulomb barrier and the short life of some nuclei). Reproducing them on earth is very

dif cult (sometimes impossible), making essential the use of experimental techniques to
study these reactions. In this work | will use the powerful technique of transfer nuclear
reactions to study the destruction of 8Fin a very important environment for experimental

LStrictly speaking plasmas can be produced on earth e.g., using lasers at the National Ignition Facility.



nuclear astrophysics: classical novae. The °Ne(®*He, “He)*°Ne reaction is used in this work
to determine the spin and parity (J ) of **Ne excited states important to study the effect of
interference in the reaction rates of the ‘8Fdestruction reaction 8F(p, )°O.

1.1 Classical Novae

A classical nova is an explosive stellar event that occurs in close binary systems composed
by a white dwarf and a Roche-lobe 2- lling star (typically a main sequence Star). The white
dwarf accretes hydrogen-rich material that over ows from the companion star Roche lobe
into an accretion disk. As the accretion rate reaches 10 M 3yr ![Bode and Evans, 2008,
the accreted material on top of the white dwarf gets more compressed by its gravitational
eld creating an electron-degenerate layer in which the temperature and the pressure at
the bottom increases without having expansion. When 10 °-10 4M? is accreted and the
temperature rises to more than 2.5 107 K, [Bode and Evans, 2008 a series of rapid nuclear
reactions (a thermonuclear runaway) occur increasing the temperature near the Fermi
Temperature 4, eventually lifting the degeneracy of the material, and releasing the pressure
in an explosion. This explosion is what is known asa Nova. When this event happens once
itis called a Classical Nova, if this process and explosion happen again it is referred to as a
Recurrent Nova. As consequence of the explosion, none of the stars in the binary system
gets disrupted, an energy of  10* ergs is released[Bode and Evans, 2008], and elements
up to atomic mass A 40 are are synthesized, ejecting 10 #M? of material. Observations
and nova models agree on the elements that are released in a nova event which, together
with the fact that only a few hundreds of nuclear reactions are required in the reaction
networks used in these models, > make novae represent the only stellar explosions for which
the nuclear physics input is (or will be in the near future) primarily based on experimental
information [José et al., 2006. The occurrence of Nova events in the Milky Way is very
uncertain and varies from one report to the other (e.g., 35 11yr ! [Shafter, 1997],73 24
yr 1[Liller and Mayer, 1987 1,30 10yr ! [Shafter, 2002)).

2The Roche lobe is the region in space where the material of each star in a binary system is gravitationally
bound to them.

3M?Y stands for solar mass

4The Fermi Temperature is the temperature below which a gas is considered to be degenerate.

Sas opposed to supernovae, whose models require networks consisting on many thousands of different
nuclear reactions



Figure 1.1: lllustration of the formation process of a nova. Expansion by the evolution
of the main sequence star causes its hydrogen rich material to over ow the star's Roche
lobe. The material is accreted on to the surface of the white dwarf by its strong gravitational
eld, creating an accretion disk. Taken from  http://w.astro.berkeley.edu/~basri/
astro10-03/lectures/lec16.html.



Table 1.1: Half life of selected radioactive elements synthesized in classical novae.

Element Half-life Type of emission Main disintegration channel
Be 53.22 days 478 keV line e
13N 9.96s continuum and 511 keV line *
18 110 min continuum and 511 keV line *
22Na 2.6 years 1275 and 511 keV lines ¥
B\ 7.2 10°years 1809 and 51 keV lines *

1.1.1 Classical Novae as Gamma Ray Emitters

Novae were rst considered as -ray emitters by Clayton and Hoyle in 1974
[Clayton and Hoyle, 1974 ]. They proposed that radioactive nuclei like 2N, 140, 18F, %’Na,
and 2°Al would be synthesized in novae and their decay would emit observable -rays.
These -rays would come from either the annihilation of positrons coming from * decays
with electrons in the medium or from nuclei in excited states which then de-excite to their
ground states by emitting  -rays at some particular energy. Table 1.1 shows the half life, type
of emission, and main disintegration channel of some of the radioactive nuclei synthesized

in novae.

The importance of -rays coming from novae lies in the information that they can
provide about of phenomena such as the opacity of the envelope after the explosion, the
material synthesized, the dynamics of the explosion, and would help improve or validate
nova computational models. Unfortunately, the low sensitivity of the instruments used
for detection, the predicted low photon uxes, and nova explosions occurring at a very
large distance (> 3kp c ) [Bode and Evans, 2008 make it hard to detectthese -rays. Among
the radioactive elements produced in a nova explosion, *Fis one of the mostimportant
due to its half-life (110 min). As opposed to -rays from 3N that are emitted very fast
before the envelope becomes transparent to these photons,  -rays coming from 18F, due
to its relatively long half-life, are emitted once the envelope has become transparent to
gammarays. F -rays come fromits * decay, where the emitted positrons annihilate with
electrons in the medium. In a Photon- ux vs. Energy spectrum, a peak located at 511 keV is
expected due to the direct annihilation and the formation of a positronium in a singlet state.

A continuum coming from the formation of positronium in a triplet state and from the



Compton scattering of the photons emitted is expected too. Also, a sharp cut-off around 20

- 30 keV is predicted in this type of spectra due to photoelectric absorption (the exact value
depending on the envelope composition) [Bode and Evans, 2008]. These predicted features
are shown in Figure 1.2 where the photon ux versus their energy expected at different
hours after the explosions are shown. Also present in that gure is the line expected to
come from ’Be decay (at E= 478 keV).

Among the nuclei synthesized in classical novae, 8Fis a promising candidate to detect
the -rays coming from its decay, as can be seen in Figure 1.3, which shows the pho-
ton ux expected from several radioactive nuclei as a function of time. As can be seen
in the gure, -ray photons coming from !¥Fare the most probable to be detected out
of the rest of short-lived radioactive nuclei. Several attempts have been made to detect
them, including in-orbit observatories like the Compton Gamma Ray Observatory (CGRO)
[McLaughlin et al., 1996 ][lyudin et al., 1995 ], and the satellite WIND [NASA, 1994. The lat-
estattemptto detectthese -raysisthe use of a spectrometer on board the space based Inter-
national Gamma Ray Astrophysics Laboratory (INTEGRAL) [Vedrenne et al., 2003]. However,
by the time of writing, no  -rays coming from novae have been detected.

1.2 18Fin Classical Nova

During the thermonuclear runaway that causes the explosion in classical novae the Carbon-

Nitrogen-Oxygen (CNO) cycle occurs and, when the temperature is high enough, a breakout

of this cycle leads to the rp-process where a series of  decays and proton captures occur.

These result in the nucleosynthesis of elements and some of their isotopes that are released

in the explosion. Among those nuclides *8F production begins with the seed 0 undergoing

either two proton capture reactions followed by a * decay, or two proton captures with a
* decay between them:

o, Y'F(, )®Ne( *)*F, (1.1)
o, Y'F( HYOop, )*°F. (1.2)

However, the fact that 17O is mainly destroyed by the reaction 1’O(p, )N and due to the
large 160/ 170 ratio, the reaction in Equation 1.2 does not contributes signi cantly to the
18F production.

The breakout reactions do not stop with  *8Fand this isotope also gets destroyed by the



Figure 1.2: Predicted photon ux vs. photon energy spectrum predicted from a nova model

for different hours after the explosion. The strong 511 keV line is predicted to come mainly
from the pair annihilation between positrons coming from 18F dacay and electrons in the
medium. The 478 keV line is expected to come fromthe ’Be decay. Taken from P. 264 of
[Bode and Evans, 2008].



Figure 1.3: Photon uxvs.timefor -rayscoming from pair annihilation er:r]ﬂtted by several
radioactive nuclei synthesized in novae. The model consistedona 1l M white CO dwarf
at a distance of 1 kpc. Figure taken from Leising etal. [Leising and Clayton, 1987].



Figure 1.4: Schematic of the CNO cycle breakout at early stages, where elementsupto ?°Ne
are synthesized. The black square represent stable elements, while the light blue squares
represent the unstable ones indicating also their half-life ( ;). The squares boxed in green
show the elements and the process involved inthe F(p, )0 reaction.



competing reactions (see Figure 1.4):

BE@, O, (1.3)
BEmP, )*Ne. (1.4)

Having complete knowledge of these reaction is the key to understand  *®F abundances. Utku
et al. [Utku et al., 1998] studied experimentally the in uence of these two  '8F destroying
reactions, nding that the *F(p, )0 reaction dominates the ®Fdestruction at nova
temperatures, occurring 1000 times faster than the 8F(p, )!*Ne reaction. This nding
con rms what was pointed out by Hernanz etal.  [Hernanz et al., 1999] where they af rmed
that due the low-  emission threshold the 8F(p, )'°O reaction is the ®Fmain destruction
channel. These two destruction reactions produce the compound nucleus  *°Ne, eitheras an
intermediate nucleus (Equation 1.3) or as a nal product (Equation 1.4). Consequently, the
abundance of ®Fdepends on the nuclear structure of °Ne . This makes it very important
to understand the nuclear structure of '°Ne, since the properties of its states (i.e., energies,
partial widths, J ), corresponding to resonances in the 8F + p system, would determine
the reaction rates of these two destruction reactions (Equations 1.3 and 1.4).

1.3 8F(p, )0 Current Status

As described previously, the *®F(p, )0 reaction is the main destruction channel for  8Fin
classical novae, and it is also the reaction with most uncertainties in its rates and hence in
the 8Fabundances and the ux of  -rays emitted. Consequently, this reaction has become
widely studied, being a very active topic for investigation. Recently, in 2015 Bardayan at al.
[Bardayan et al., 2015] used the 2°Ne(p,d) reaction with a pure neon gas target to populate
several levels in *°Ne and study the effect of a proton sub-threshold resonance inthe  8F(p,
)50 rates. In 2019 Hall et al. measured the °F(3He,t) reaction using the Gammasphere
ORRUBA[Ratkiewicz et al., 2013] dual detectors at Argonne National lab to study the °Ne
level structure, determining the J  of several states, and providing updated 8F(p, )'°O
rates. Also in 2019 Kahl et al. [Kahl et al., 2019] did an experiment at the Research Center
for Nuclear Physics in Osaka, Japan, where they studied the reaction °F(3*He,t) at extreme
forward angles using a 140 MeV / nucleon 3He beam to populate states via the Gamow-
Teller mechanism (L = 0). They populated the proton sub-threshold  '°Ne state at 6.13
MeV and constrained its spin and parity to be either  1=2* or 3=2", which has an impact
on the ¥F(p, )°O reaction rates uncertainty. Lastly, Kahl et al. in 2021 [Kahl et al., 2021]



published their work on studying how the  *¥F(p, )0 rates change when they varied the
uncertainties in the resonance parameters. They selected and analyzed sixteen (16) sets of
parameters (energies, J , partial widths), reported in their reviewed literature, from which
they discussed and gave new rates for the 8F(p, )°O reaction.

1.4 Summary

The primary goal of this work is to constrainthe  *¥F(p, )0 rates by studying the energies
and J values of excited states in 1°Ne in the energy region of interest for classical novae
(corresponding to 0-400 keV inthe *8F + p system). To do this, the neutron pick up reaction
2ONe(®He, “He)*°Ne at 21 MeV was used to populate and study excited statesin °Ne . The
outline of this work is as follows: Chapter 2 will provide the theoretical background needed

to better understand some of the tools and techniques used in this work. Chapter 3 will
explain the experiment and the experimental methods used to carry it out. Chapter 4 shows
and discusses the analysis of the results obtained in the experiment, and in Chapter 5 the
astrophysical impact of the results from this work is discussed. Finally, the main conclusions
and nal remarks are given in Chapter 6.
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CHAPTER

2

NUCLEAR REACTIONS

This chapter presents concepts useful to understand the scope of this work and the tech-
niques used to analyze the data obtained. The chapter begins by explaining what nuclear
reactions are, including the important concept of cross section, and the closely related

concept of the astrophysical s-factor. Transfer reactions, nuclear resonances and their link
with excited states of a nucleus, as well the phenomenon of resonance interference in
nuclear physics are also explained in this chapter. To conclude, nuclear reaction rates and
the very important R-matrix formalism, widely used in nuclear astrophysics, are described.

2.1 Nuclear Reactions

Nuclear reactions are interactions occurring between two or more nuclei. One way of
classifying them is as direct and compound nucleus reactions. The former involve single
nucleon interactions, occur most of the times on the surface, and typically involve high
energies to limit the time available for multiple interactions. As opposed to direct reactions,
compound nucleus reactions involve many-nucleons interactions and are slower than
direct reactions since they require time to reach energy equilibrium after the interaction

11



[Krane et al., 423]. A particular type of compound reactions, very important in astrophysics,

is the Resonance reaction In this case, quasi-bound states are formed in the compound
nucleus that are unstable against particle or gammadecay [Krane et al., 424]. A widely used
notation for nuclear reactionsis X (a,b)Y where a, X, b, and Y are known, respectively, as
the incident particle (or projectile), the target, the ejected particle (or ejectile), and the
recoil nucleus. The interaction between aand X is said to occur in the reaction Entrance
channel, while the products, b and Y, are leftin the Exit channel.

Nuclear reactions are also classi ed depending on their  Q - value, or rest energy of the
interacting nuclei, in endoenergetic (Q < 0) where energy is absorbed or exoenergetic (Q >
0) where energy is released.

The Q-value of the X (a,b)Y reaction is de ned by

Q=(Ma+Myx M, My)c?, (2.1)

where ¢ = 2.9979 108 ms !isthe speed of light and M, is the atomic mass for nucleus

i in Atomic Mass Units (amu). The use of nuclear masses instead of atomic masses was
addressed recently (2019) by lliadis [lliadis, 2019] in an article where they investigated the
effect of neglecting the electron biding energies in the calculation of the Q-value. Although

this may not be relevant to this work, he found considerable effects on the Q-values of
reactions involving targets with high atomic number (e.g., Z 20) that affects nuclear
reaction rates (see Section 2.3) of narrow resonances (see Section 2.3.1).

2.1.1 Cross Section

Before describing the types of nuclear reactions, we explain the important concept of ~ cross
section. This is one of the most important quantities in nuclear physics, not only because it

is key to calculate many other important quantities like reaction rates and the astrophysical
S-factor, but also because it can be determined experimentally. The cross section of a
reaction is a measure of the probability of a nuclear reaction occurring. It has units of area
and, due to the spatial dimensions used in nuclear physics (a few Fermi 1), the Barn is used
to quantify it (1 b = 10 22 m?). The cross section of a nuclear reaction can be thought of as
the effective region in which two nuclei interact. This is NOT a geometrical quantity, since

it also depends on the reaction type, the particles' charges, spins, their relative energy and
angular momentum, and other quantities involved in the interaction between the nuclei. A

11 Fermi = 10 m
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Figure 2.1: Comparison between the cross section (top) and the S-factor (bottom). These

guantities are both plotted vs energy in the center of mass. As can be seen in the vertical

scales, the S-factor is at least 107 times higher than that for the cross section. S-factors are
preferred for investigating interference effects. Credit: Dr. Richard Longland.

particular case of the cross section is that when one of the interacting particles is scattered
into a solid angle, , that has (dimensionless) units of steradians. It is called the differential
cross section is denoted by d = d . Its relation with the total cross sectionis obtained by
integrating it over the solid angle:

= —d . (2.2)

The differential cross section plays an important role in this work . In particular, a general
expression in terms of experimental quantities will be given in Section 4.3.1.

Astrophysical S-Factor

Animportant quantity related to the cross section is the astrophysical S-factor. This quantity
is very useful to analyze the cross sections visually since it scales this quantity by factoring
out the S-wave Coulomb component, which makes features (like interference effects. See
below.) in the cross section hard to inspect. Itis widely used among the nuclear astrophysics
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community. The astrophysical S-factor (or S-factor for short) is given by:

_E (E)
S - e 2 ’ (2'3)
where E isthe energy ofthe interacting particles,  (E)thecrosssection,and = Z,Zy g

is the Sommerfeld parameter, where isthe ne structure constant(  1=137) Z,Zy isthe
product of the interacting nuclei atomic numbers, is the reduced mass (in amu) 2, and c is
the speed of light. Figure 2.1 shows a comparison between the cross section and the S-factor.
As can be seen in the gure, the S-factor enhances the features in the energy dependence
of the cross section.

2.1.2 Resonance Reactions

Resonance reactions are those in which the energy in the center of mass of the interacting
nuclei, E - , matches the energy of an excited state in the compound nucleus formed after
the interaction. This particular energy is called resonance energy, E g, and is such that
it increases the probability (i.e., cross section) of forming the compound nucleus in the
excited state of the corresponding energy. This increase in probability shows as peaks in
the cross section. Ey is given by

Er=Ecm = Ex Q, (2.4)

where E, is the excited state in the compound nucleus that corresponds to the resonance
energy Eg, and Q is the Q-value of the reaction. The latter is also the separation energy or
the energy required to separate the compound nucleus into the interacting particles that
formed it. Figure 2.2 shows a schematic description of a resonance.

The state formed in the compound nucleus is unstable against decay and could do
so by any energetically available (open) channel, e.g., alpha, proton, gamma decay. The
channel to which it decays depends on whether that channel is open or closed. The decay
probability is given by the partial width of channel i, ;, and has units of energy. The sum of
all these probabilities is known as the width of the resonance or the total ~ width, ,andis
given by:

= . (2.5)

2For interacting particles a and X with masses M, and My, respectively, =M Myx=M, + My).
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Figure 2.2: Resonance parameters. Particles a and X form the compound nucleus C. The
resonance energy Eg is related to the energy of the excited state Eyx and Q-value by Equation
2.4,

where i runs over all open channels.

The resonance phenomenon in nuclear physics occurs by the perfect matching of the
wave functions inside and outside the capturing nucleus [lliadis, 2015a]. This match de-
pends on the amplitude and the phase of the wave function in each region, which depend
on the incident energy in the center of mass . Figure 2.3 a) and b) show schematically the
cases whereE < Eg and E > Eg, respectively. In both cases the values and the derivatives
of the wave functions are such that there is poor matching of the wave function between
the two regions, and the incident particle has low probability of penetrating to form the
compound nucleus. These cases show how non-resonant reactions occur. Here the com-
pound nucleus is formed but with a smaller probability. Lastly, when E matches Eg, like
in Figure 2.3 c), the wave functions (i.e., the relative phases, and and derivatives) are such
that there is a perfect match in both regions. The penetration probability increases, and
the incident particle penetrates easily to form the compound nucleus at the corresponding
excited state.

The probability of forming a resonance is described by the  resonant cross section which
shows spikes at the resonance energy in a plot of cross section vs energy (see Figure 2.1).
The expression for a single channel isolated resonance in areaction a+X! b+Y is given by

15



Figure 2.3: Schematics of the wave function matching of the particle in the outside and
the compound nucleus (inside region) assumed to be a square well potential for simplicity.
When the incoming energy E is less then the resonance energy Eg, their phase shifts make
a poor matching. The same happens in case b) when E > Ei. Panelc) When E  Ej the
phase shift are such that the matching between the wave functions is perfect and the
incoming particle penetrates easily to form the compound excited state. Adapted from
[Krane et al., 423].

16



the Breit-Wigner formula [Breit and Wigner, 1936 ]:

_ 2J+1 ax(E) pv (E)
k2(2L+1)2k +1)(E Eg)?+ 2(E)=4.

(2.6)

In Equation 2.6, J is the spin of the resonance, J, and J; are the spins of the interacting
particles, k is the wave number in the center of mass, Eg is the resonance energy, is
the (energy dependent) total width (which is inversely proportional to the lifetime of the
state), and ,x and ,y are the energy dependentpartial widths for the entrance and exit
channels, respectively. Note that this cross section has a maximum whenever E = Eg. This
is the reason of the spikes in a cross section vs. energy graph. In terms of probabilities,
this cross section can be seen as the product of two probabilities: the probability that
the particles in the entrance channel would interact to form the compound nucleus, aX,
and the probability ,y that once the compound nucleus is formed it would decay by this
particular exit channel. This product is weighted by the probability that the resonance spin

can take any of all its possible values, 2J+ 1, out of the possible values that the interacting
nuclei spins can take, (2J, + 1)(2J + 1).

Itis important to remark the fundamental role that nuclear resonances have in astro-
physics. Stellar environments do not provide in general enough energy (see Section 2.3.1)
to easily overcome the Coulomb barrier present in nuclear reactions. However, nuclear
resonant reactions provide a way of increasing and speeding up their occurrence, and
hence they are fundamental in stellar environments.

2.1.3 Interference

In nuclear physics interference is a phenomenon that occurs between two or more reso-
nances whenever:

« They have the same spin-parity, J
» One or both of them are broad enough to overlap signi cantly.

When these conditions are met, the total cross section?® for the reaction can increase ( con-
structive interference) or decrease (destructive interference). For the case of two resonances

SInterference can also occur in the differential cross section, but several conditions related to the
reaction and the collision matrices must be met. See section VIII.2 in  [Lane and Thomas, 1958] and
[Shriner Jr et al., 2010] for more information.
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an approximation is given by [Rolfs et al., 1975]:
p
(E)= 1(BE)+ 2(E) 2 1 c08( 1 ) (2.7)

where 1 and 2 refer to the two interfering resonancesand  ; , are the phase shifts given by

12(E)

1p= arctan ———— .
2(E Erai2)

(2.8)
In Equation 2.8, (E) and Eg are the resonances partial width and energies, respectively.
Interference can be interpreted as the contribution to the cross section of each individ-
ual resonance and that coming from the region where they overlap, which increases or
decreases it. It is important to note that the speci ¢ sign assigned to a resonance says
nothing about increasing or decreasing the cross section. What determines these is the
relative sign between the interfering resonances. In particular, Azure2 has the convention
that resonances with the same sign interfere destructively, while those with opposite signs
interfere constructively.

When three or more resonances interfere Equation 2.7 cannot be applied and tech-
niques like the R-Matrix formalism must be used. However, the interference between three
or more resonances still has the same effect: increase or a decrease of the cross section.
The relative signs appearing in Equation 2.7 (i.e., ) that expresses the constructive or
destructive contribution of the interference to the cross section is still valid in the case
where three or more resonances are involved (a further explanation of how these interfer-
ence relative signs appear in the cross section and the S-factor is given in Section 2.2 and
Section 5.1, respectively). Figure 2.5 shows an example of the S-factor using the R-Matrix
software AZURE 2 [Azuma et al., 2010] (see Chapter 5) where three interfering resonances,
allhavingJ = 3/2", are present. All parameters used for the calculations were taken from
Kozub et al. [Kozub et al., 2005]. To illustrate the interference effects in the S-factor (i.e.,
the cross section) we assigned a relative sign to one resonance while making the other
two have different signs from this one, but equal between them. That is, one resonance
is interfering constructively with each of the other two, while these latter would interfere
destructively between them. It is to be noted that the resonance at 0.65 MeV (665 keV
resonance) dominates the 8F(p, )'°O reaction rates [Bardayan et al., 2001] (see Section
5.3). Also, it must be emphasized that the uncertainty in the  ®F(p, )°O reaction cross
section studied in this work comes from the nature of the interference effects, not from the
precision of measurements of cross sections or of quantities such as the reaction rates.
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Figure 2.4: Schematic drawing of what interference between resonances is. Two reso-
nances, corresponding to excited states in a compound nucleus C, will interfere if they
have the same J quantum numbers and are assumed to be broad enough to signi cantly
overlap. The intersection between them (shaded purple region) makes it impossible to
distinguish what part of each resonance in that region contributes to the cross section.
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Figure 2.5: S-factor vs. E¢), forthe three J = 3/2* resonances (9 keV, 39 keV, 665 keV). The
black solid line represents the case where all three resonances have the same relative sign,
giving the lowest possible S-factor (destructive interference). The parentheses contain the
relative signs assigned to each resonance (increasing in energy). The red horizontal line
indicates the energy and temperature range relevant for classical novae. This gure shows
graphically that the highest increase in the cross section forthe  *®F(p, )'°O reaction comes
when the 665 keV resonance interferes constructively with the other two.
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Figure 2.6: Schematics of a pick up transfer reaction. The projectile a interacts with the
target nucleus X, which is formed by the recoil Y and the valence particle n. Afterimpinging
on the target X, a picks up the valence particle n producing the ejectile b (=a+n) and leaving
the recoil nucleus Y.

Finally, itis very important to stress that whenever an interference can occurit  will occur.
Interference can not be turned on or off, they always happen whenever the conditions
required for their occurrence are met.

2.1.4 Transfer Reactions

Transfer reactions are direct nuclear reactions where a nucleon (or group of nucleons),
called valence nucleon(s), is transferred between two interacting nuclei. They produce
angular distributions (see Section 4.3.4) that, based on angular momentum and parity
conservation, yield spin and parities of the particles in the exit channel. A particular type of
transfer reactions is the pick up (stripping ) reaction, where the incident particle picks up
(leaves) a valence nucleon from (to) the target. Figure 2.6 shows schematically a pick up
transfer reaction, where the projectile picks up a nucleon from the target in the entrance
channel producing the ejectile and the recoil nucleus in the exit channel. Transfer reactions
are very important in the eld of experimental nuclear astrophysics [Bardayan, 2016] since
they provide a way to study nuclei created in stellar reactions that are dif cult or impossible

to produce in the laboratory (e.g., short lived nuclei, low cross sections) by performing
transfer reactions to produce the same nuclei of interest in the laboratory.
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Optical Model

When a nuclear reaction occurs two types of events could happen: i) elastic scattering and

i) non-elastic scattering (e..g., transfer reactions). Non-elastic scattering cannot happen
without elastic scattering happening too [Satchler, 1990]. A full description of scattering
would need the Hamiltonian that includes all the nucleons of the interacting nuclei. This
problem is simpli ed by the use of the  nuclear optical model , in which the problem is
reduced to the interaction of a single particle with a complex potential, whose purpose is

to remove ux from the elastic scattering component from the reaction to approximate the
effects of any other open channel in the cross section [Bjorklund and Fernbach, 1958 ]. The
optical model has been widely studied (e.g., [Perey and Perey, 1974, [Varner et al., 1991],
[Pang et al., 2009, [Avrigeanu et al., 1994], [Su and Han, 2015b]) by using different targets
and beam energies to produce global optical potential parameters that are useful to model
reactions involving different targets and beam particles and energies. In this work the
optical potential used is described the following expression:

1d
f (rD vaD)+szo(~ r) r_d_rf (rsmaso)-

. d
Uom = Vc(Re) Vof(rr,ag) i W T (xw) 4WDd

Xp
(2.9
where f (r,a) is the Woods-Saxon potential form:
f = % S 2.10
(ri’ai)_1+exp\lr AL (2.10)

ai

where A is the nucleus atomic mass number and the pair ( r;, a;) refers to the radius and
diffuseness of the component i =R, | ,so0, the real, imaginary, and spin-orbit components,
respectively.

In Equation 2.9 V. is the Coulomb potential for a uniformly charged sphere; the second
term is a volume Woods-Saxon potential; the third term is a surface Woods-Saxon imaginary
(absorptive) potential; ~ [Fis a Woods-Saxon spin-orbit # potential; b = % ? = 2000 fm?;
m is the mass of the pion; and c is the speed of light. The parameters Vg, W, Wy, and V,,
are the real, imaginary, surface, and spin-orbit potential depths, respectively, while R =

1.25Afm is the nuclear radius ° (A being the nuclear mass).

4~ = 2s(sis the spin) and Iis the angular momentum.
5This expression is valid for light particles. For heavy ions this expression must be replaced by R¢ =
1.25(A1$ + Af?), where A; is the mass of particle i.
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Distorted Wave Born Approximation (DWBA)

The complex potential used in the optical model to describe the interaction between two
nuclei can be writtenas V = U; + U,, where U, is the potential that distorts the incoming
wave (i.e, that causes the elastic scattering) and U, is the potential associated with the
non-elastic part of the interaction (e.g., the transfer of a nucleon). In view of this, and
provided that U, is weak, an approximation can be made in which the non-elastic part of
the reaction is treated as a perturbation of the elastic scattering part. This approximation is
called the Distorted Wave Born Approximation and itis very important tool used in nuclear
astrophysics to study transfer reactions.

In this work the nite-range ® DWBA code FRESCO[Thompson, 1988] was used to cal-
culate the theoretical angular distributions. This code requires information about the
experiment (beam energy, laboratory angles), the reaction kinematics (nuclear masses,
excited states), the potentials used to describe the interaction between nuclei (Volume,
surface, spin-orbit), and information about the overlaps (i.e., how the transferred particle
is bound in the target before the reaction and then in the ejectile after the reaction).

In the present case, nite-range calculations with FRESCO requires interaction poten-
tials for:

Entrance channel ( *He + 2°Ne).

« Exitchannel ( “He + °Ne).

Overlap 1. (**Ne + n).

Overlap 2. (3He + n).
+ Core-Core (3He + °Ne).

Table 2.1 shows all the parameters used for the optical model potential. The potentials used
for the core-core, and the entrance and exit channels (See Section 3.1) are of the form given by
Equation 2.9. Based on previous DWBA calculations to analyze data from a ( 3He, “He) reaction
[Setoodehnia et al., 2018] the optical potential parameters used for the entrance and exit channels
were obtained by using, respectively, the global optical potentials from  [Perey and Perey, 197 and
[Su and Han, 2015a]. The potentials for the overlaps were obtained following the procedure used by
[Setoodehnia et al., 2019], where the real depth of the potential was varied to reproduce the correct
values of the corresponding neutron binding energies in each case.

SFinite range refers to the nite extent of the nuclear potential. In contrast, zero-range approximations
assume that the potentials have zero range of action (i.e., the range of the potentials can be considered to be
Dirac delta functions).
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Table 2.1: Global optical potential parameters used in the DWBA anal-
ysis. The parameters were obtained from a [Pereyand Perey, 1974,
b [SuandHan,2015a], c¢ obtained following the procedure used by
[Setoodehnia et al., 2019], and d from [Su and Han, 2015a].

Channel rc(fm) Vg (MeV) rg(fm) ag(fm) V, (MeV) r, (fm) a, (fm) Vp (MeV) rp (fm) ap (fm) Vg, (MeV) rg, (fm) ag, (fm)
SHe+2°Ne 2 1.3 148.33 1.2 0.72 34.77 14 0.88 - - - 25 1.2 0.72
“He+®Ne® 1.35 160.12 1.3421 0.6578 0 1.4259 0.5587 23.38 1.2928 0.6359 0 1.2686 0.85

SHe+n°® 1.2 51.64 1.17 0.69 - - - - - 6 1.17 0.69

Ne+n¢® 1.2 70.810 1121  0.794 - - - - - 3 1.17 0.75
SHe+Ned 1.35 160.12 1.3421 0.6578 0 1.4259 0.5587 23.38 1.2928 0.6359 0 1.2686 0.85

2.1.5 Asymptotic Normalization Coef cients

According to Equation 2.4, E g could be negative if Ey, < Q. This does not mean that there exist
negative energies, this is indicating that the compound nucleus is formed in a quasi-bound state.
This means that E 5 (=Ec ) is below the particle threshold (i.e., the energy necessary to form the
compound nucleus, Q). When this happens we refertoitasa sub-threshold resonance. This type of
resonances are important in nuclear astrophysics since they could interfere with other resonances
and enhance the low energy cross section, provided they meet interference criteria (see Section 2.1.3),
to increase or decrease the resonance cross section. For two interacting nuclei if E g is negative, but
close to zero, then there is a probability (due to the tunneling effect) to form the compound nucleus

in a bound state. This probability is proportional to a quantity called Asymptotic Normalization
Coef cient (ANC). This describe the extension of a bound state wave function, and hence transfer
and capture reactions at low (astrophysical) energies depend strongly on them. ANCs are de ned

by the following expression [Thompson and Nunes, 2009a |:

u(r)=CGW i1=0( 2kr), (2.11)

where u, isthe | th partial wave radial wave function, r is the radial coordinate, | isthe angular
momentum, k is the wave number, W is the Whittaker function 7 [Abramowitz et al., 1988], s the
Sommerfeld parameter 8, and C; is the ANC. Note that the argument in the Whittaker function in
Equation 2.11 is negative. However, the wavenumber k is imaginary.

The Whittaker function can be calculated exactly using therelation ~ [Thompson and Nunes, 2009b ]:

W a1( 2kr)=e =2 L1200+ (2.12)

"Whittaker functions are solutions of the Coulomb equation for bound states (negative energies).
8See Section 2.1.1
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Here | is the angular momentum (e.g., of the proton with respecttothe  *¥Fnucleus),and | ( )is
the Coulomb phase shift given by [Thompson and Barnett, 1985 ]

(()=arg (I+1+ ). (2.13)

Inthisequation  isthe Gammafunction and H * isthe outgoing Hankel function [Abramowitz et al., 19881,
related to the regular and irregular Coulomb functions  F and G, respectively by:

H :G|( ) ) Fl( ) )1 (214)

where = kr is the dimensionless radius, and the  superscript stands for the outgoing ( +) and
incoming (-) wave functions functions. If the radius  r is larger than the interaction radius R, =
1.25(A§1;°’) + A&lﬂ)), the Whittaker function becomes

W e X, (2.15)

which simpli es its calculation.

ANCs are quantities that can be extracted experimentally by using transferreactions (  [Mukhamedzhanov et al., 2001 ]
[Mukhamedzhanov and Tribble, 2017 ],[Mukhamedzhanov et al., 2006 ], [Mukhamedzhanov et al., 2017 ]).

They can also be calculated by using the following equation, derived form Equation (1) in [Pogrebnyak et al., 2013]
and Equation (5) in [Mukhamedzhanov et al., 2017 ]:

2
C= 2 ¢
WR,’

(2.16)

where Cz is the dimensionless reduced width, which can be calculated numerically ( [lliadis, 1997]).
C and W have the same meaning as in Equation 2.11, and R, is the interaction radius.

2.2 R-Matrix Theory

The R-Matrix is a powerful technique that was originally developed to study resonances in atomic and

nuclear systems. This technique was proposed in 1947 by Wigner and Eisenbud [Wigner and Eisenbud, 1947 ]
and took two main branches of study: the calculable R-Matrix, which requires a Hamiltonian as

input, and the phenomenological R-Matrix that uses experimental parameters as input. The latter
approach is widely used in nuclear astrophysics to study the behavior of a cross sections for nuclear

reactions that occur at stellar energies. The phenomenological R-Matrix was further developed by

Thomas and Lane in a very complete article in 1958 [Lane and Thomas, 1958] and is the one used

in this work. The main premise of the R-Matrix formalism is to divide the con guration space into

an internal and an external region separated by a parameter called channel radius , a, as shown
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Figure 2.7: R-Matrix Con guration space. The channel radius a establishes the boundary
between the internal region where all nucleons interactions take place via a nuclear poten-
tial, V, and the external region where nuclei interact only through the Coulomb potential,
Ve.

schematically in Figure 2.7. The internal region is where all the nucleon interactions occur while the
external region is where nuclei interact only via the Coulomb force.

By solving the Schrodinger equation in both regions and matching the solutions at the channel
radius, the R matrix can be obtained. In general, the R matrix depends on physical parameters such
as total angular momentum, J, the parity , and energies associated to each reaction channel. The
dimension of the R-Matrix is determined by the product of the number of poles and the number of
channels considered. Its matrix elements for levels  , orbital angular momentum |, and channels i
and j are given by:

J) 0
J X i j
Rj B)= =—7—, (2.17)
=1

where there are in principle in nite energy poles, E , but only N of them affect the cross section. In

this equation s the reduced width amplitude for channel i (j). The latter quantity is given by
k 2 (=2
= — @), (2.18)
2 a

where is the interacting nuclei reduced mass, a isthe channelradius,and (a)is an internal wave
function evaluated at r = a. The reduced width amplitudes play two important roles in the R-Matrix
formalism: i) the square of the reduced width amplitudes is what is knownas  Reduced Width, which
are related to the partial (total) width by

(E)=2 ?,,R(E), (2.19)
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where P, (E) is given by Equation 2.35. This relation is the reason why this quantity is called the
reduced width since it is the total width reduced by twice the penetration factor. ii) In the case of
interference between several levels (the case we are studying in this work) the relative signs of the
interfering levels are related to those of the corresponding reduced width amplitudes. This gives
rise to the two possible interference signs: the constructive and destructive cases (see Section 2.1.3).

Once the R-Matrix is calculated, the collision matrix can be obtained by using the following
equation [Descouvemont and Baye, 2010]

_ 1 RS a )+iRP
"1 RSE) a [+iRP.

(2.20)

In Equation 2.20 is the scattering phase shift, which includes the hard sphere® and R matrix phase
shifts [Lane and Thomas, 1958], is a boundary condition, and S(E) is the Shift function given by:

FoF+G%G
F2+ G2
where the prime ( 9 denoted derivative with respect to the radial coordinate. The last step of the

S(E)=ka , (2.21)

R-Matrix technique is to calculate the cross section, which then allows the calculation of quantities
like S-factors and reaction rates (see Chapter 5). The cross section in the R-Matrix formalism can be
calculated the by using the following equation [De Séréville et al., 2009]:

X 2J+1

_ J 2
E)= k2 | @L+D1RX+1) ut® (2.22)

where J, x are the spin for the interacting particles, K isthewave number, Jand arethe resonances'

spin and parity, respectively, and U is the collision matrix.

2.2.1 Phenomenological R-Matrix

The general outline of how the R-Matrix technique works was described at the beginning of this
section. Next, the quantities required to use the phenomenological R-Matrix formalism (known as

the formal quantities ) in terms of experimental or observedquantities (e.g., energies partial widths,
spin-parities) will be described. To show how they are related, and without losing generality, consider
the case of a single channel and an isolated energy pole at E; . In this case, Equation 2.17 has the
simple expression:

R= . 2.23
- (2.23)

By inserting this equation into Equation 2.20 the following expression for the collision matrix is

9The hard sphere phase shift comes from considering elastic scattering only.
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obtained:

_E [ XS a )] i,
U—E E, 26 a )7 5 (2.24)

As shown in Section 2.1.2, the cross section of a nuclear resonance is described by the Breit-
Wigner equation (Equation 2.6), in which the energy and total width of the resonance E,and
respectively, are parameters that are measured experimentally. The expression for the Breit-Wigner
collision matrix is given by [J and Nunes, 2009:

yew_E E i =2

— e sw (2.25)
E E +i =2 '

where gy is the Breit-Wigner phase shift. By comparing the real and imaginary parts of Equations
2.24 and 2.25, using Equation 2.19, and assuming that the shift function is locally linear (Thomas Ap-
proximation [Thompson and Nunes, 2009c ]) relations between formal and experimental quantities
can be obtained:

E'=EF*P+ 2[SEF*P) a ], (2.26)
£
2 Xp
2= —, (2.27)
1 2,,S%E)
EXP=2 2 PESP). (2.28)

The prime (9 in the shift function in Equation 2.28 indicates a derivative respect the energy, where
as the subscripts/ superscripts f and E xp refer to formal and experimental quantities, respectively.
Equations 2.26-2.28 deserve some comments: i) Equation 2.26 shows why the the shift function
receives its name, since it shifts the R-Matrix pole at E, towards the pole, E,f , used to calculate the
collision matrix pole. ii) By choosing = S(E)=a (known as natural boundary condition ) the shift
between the formal and the experimental energy poles can be avoided. iii) If the shift function and

the penetration factor were (energy-independent) constants, the quantities would be exact. iv) The
equivalent equations for the more general case, where more than one resonance are present, are
considered in [Descouvemont and Baye, 2010].

2.3 Nuclear Reaction Rates

The nuclear reaction rate of a reaction is an important quantity in astrophysics used to calculate
its occurrence per unit time. Reaction rates let us know how much of an isotope is being created
or destroyed per unit time and is fundamental to calculate its abundance. The expression for the
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reaction rate per particle pair is given by

|V — Z,
e 1 E (E)e = dE 2.29
< Vv >= _— e kB s .
TR (E) (2:29)
where T is the temperature of the medium, is the reduced mass of the interacting particles, v is

their relative velocity, kg is the Boltzmann constant, E isthe energy in the center of mass of the
interacting nuclei,and  (E) is the (energy dependent) cross section. As can be seen in Equation
2.29 reaction rates are strongly energy dependent.

The type of cross section determines the method that is needed to solve Equation 2.29. To further
simplify the calculation of reaction rates using Equation 2.29 the limits of the integral are chosen to
consider the energy region relevant to the case of study. These relevant energies are determined by
the velocity distribution of nuclei in a stellar plasma, given by the Maxwell - Boltzmann probability
distribution e kTET and probability of overcoming the Coulomb barrier, i.e., the penetration factor or

Gamow factor P=e 2

(for the case of zero orbital angular momentum). The convolution of these
two probabilities is known as the Gamow Window and de nes the region where the kinetic energy
of the interacting nuclei allows them to overcome the Coulomb repulsion, and hence is the energy
region where most of the nuclear reactions will occur. Figure 2.8 shows the Gamow window for the

reaction that studied in this work, 8F+ p.

2.3.1 Resonant Reactions

Deriving the expression to calculate the reaction rates for resonant reactions is straightforward. By
substituting the Breit-Wigner Equation 2.6 in Equation 2.29 we obtain:

p Z,

2 h? (2J+1) ax (E) by (E)
T (keTB2(2L+1@XK+1) , (E Er2+ 2(E)=4

E
v > esTdE. (2.30)
The way of solving the integral in Equation 2.30 depends on whether approximations can be done to
the integral in 2.30. This divides reaction rates in two: Narrow resonances, where an approximation
can be made to simplify the integral, and Broad resonances were no approximations can be done
and the integral must be solved numerically.

Narrow Resonances

Narrow resonances are those for which << Egi and both the total and partial widths are approxi-
mately constant within the resonance energy region. This allows to pull them out of the integral to
solve it'0. For a single, isolated, narrow resonance Equation 2.30 can then be expressed as

R
10The improper integral left can be rewritten to have the form Y 9% \which can be solved analytically

0 x2+1
with the assumption thatis  isconstantand << Eg.
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Figure 2.8: Gamow window for the *8F + p reaction. The energy range in which the kinetic
energy of the interacting particle allows them to overcome the Coulomb repulsion is known
as the Gamow Window . This region results from the convolution of the Maxwell-Boltzmann
distribution and the probability of penetrating the Coulomb barrier. The resulting peak is
the called the Gamow Window (or Gamow peak.)
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< VvV>= KT e
B
© L, a2 . (2.31)
= k2 efer
kgT
where the quantity ! is called the resonance strengthand is given by
2J+1
| — ( ) aX by (2.32)
(2L +1)RXK +1)
The total reaction rate coming from the contribution of several narrow resonances i is given by their
incoherent sum
S X Eri
< v>= k2 je¥er (2.33)
kgT

Note that the rates energy for narrow resonances depend exponentially in the resonance energy,
Er. Consequently, determining it is extremely important to have accurate values for the reaction
rates. Determining this energy depends on the calculated Q-value of the reaction used (see comment
at the beginning of Chapter 2).

Broad Resonances

Contrary to the narrow resonance case, for broad resonances all quantities under the integral sign
in Equation 2.30 vary strongly with energy and the integral cannot be simpli ed. To solve this
integral we need numerical methods. Although all quantities in Equation 2.30 can be determined
experimentally, it is illustrative to show the expressions used to calculate them and their energy

dependence. The partial widths re given by [lliadis, 2015a]:

2k )
(E)= R? P(E) -, (2.34)

n

where R, and 2 are as de ned in section 2.1.5, s the reduced mass and P (E) is the strong energy
dependent Penetration factor , which depends on the energy and the orbital angular momentum |,
and is given in terms of the regular an irregular Coulomb wave functions  F and G, respectively, by:

R(E)= (2.35)

F2(E)+G2(E)
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2.3.2 Interference Rates

The nuclear reaction rates for the cases of resonance interference is not trivial. Equation 2.29 must
be solved by rst substituting Equation 2.7 for the cross section and then use Breit-Wigner Equation
(Equation 2.6) for each of the cross sections in the resulting expression. The best way to calculate
this type of rates, especially when more than one interference is present, is by using codes that use
the R-matrix formalism (e.g., AZURE2 [Azuma et al., 2010]). The equation that is solved using the
R-Matrix formalism can be obtained by substituting Equation 2.22 into Equation 2.29 to get:

Vg 1 x 7“1 2J+1

1 J 2 kBLT
P —(kBT)3=2 o E 2L+ Dah+ 1) U“ (E) e dE. (2.36)
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CHAPTER

3

THE EXPERIMENT

In this chapter the process followed to measure the nuclear reaction that produced the data analyzed
in this work will be described. We will begin by discussing the reaction studied in this work and

giving a brief literature review of this reaction. The laboratory, the fabrication of the targets, the

detector, the high resolution magnetic spectrograph used, and the data acquisition electronics chain
will also be explained in detail.

3.1 The ?°Ne(®He, “He)!°Ne Reaction

The neutron pick up reaction 2°Ne(®He, *He)°Ne was chosen to populate *°Ne excited states studied
in this work for three main reasons: i) It has a positive Q-value (3.712 MeV), which was convenient

to use the accelerator at TUNL for the experiments 1, ii) due to the presence of a0 * spin and parity
(J ) particle in both entrance ( 3He + ?°Ne) and exit (*He + 1°Ne) channels, simplifying the spin
and parity assignment for the 1°Ne excited states, and iii) the ejected  particles will be left in their
ground state (the 1 S excited state is at 20.21 MeV!) which simpli es energy calculations. A similar
argument to ii) is stated in Bardayan et al. [Bardayan et al., 2015] but using a different reaction
(°°Ne(d, t) 1°Ne). The °Ne(®He, “He)*°Ne reaction has been performed in the past. In a study by

LAlthough the Tandem at TUNL could, in principle, reach 10 MV it is not recommended to operate it at
voltages higher than 7 MeV.
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Rehm etal. [Rehm et al., 2003], although using inverse kinematics in the reaction  2°Ne(®He,°Ne)*He,
they state that the (forward) reaction 2°Ne(®He, “He)'°Ne produces high-energy alpha particles that
can be easily detected using a magnetic spectrograph, and show that the ratio between the solid
angle in the center of mass (¢ ) andin the laboratory (| 5p) Systems is approximately constant
for all angles. This latter quantity is related to the the cross section conversion factor  [lliadis, 2015b]
between the laboratory system and the center of mass system (see Section 4.3.1). The other previous
study that is particularly important is the one by Garret etal. in 1967  [Garrett et al., 1970]. In their
study, they reported the population of the  1°Ne excited state at 6.149 MeV, which in this work is
found to be at 6.133 MeV (See Section 4.3.3), an important s-wave proton sub-threshold resonance

in the 18F(p, )0 reaction. They also produced angular distributions for several 1°Ne excited
states from which the J values for the 1°Ne states that they observed were determined. Some of
these values remain in use and serve as reference for the states determined in this work. Finally,
another very important aspect of this reaction is that (  *He, ) reactions can extract more deeply
bound neutrons of a target due to their high Q-value (19.8 MeV) as opposed to, for example, a (p,d)
reaction [Thompson and Nunes, 2009d ]. This allows the population of more excited states in the
recoil nucleus, *°Ne in this thesis.

3.2 The Laboratory

The neutron pick up reaction 2°Ne(®He, “He)'°Ne was performed at the Triangle Universities Nuclear
Laboratory (TUNL). A layout of the laboratory is shown in Figure 3.2. It has two ion sources available,
a helium ion source and a Direct Extraction Negative lon Source (DENIS) that produces hydrogen
isotopes. It also has a FN 10 MV tandem Van de Graaff accelerator that accelerates hydrogen or
helium beams to beam lines that are selected by setting the appropriate magnetic eld on the 20-70
switching magnet. The laboratory has 4 experimental areas were different experiments are carried
out. Among these are a Rutherford Backscattering Spectrometry station (the 52  °line) and the Enge
split-pole high resolution spectrograph, which are the ones that we used. Other nuclear physics
experiments are performed at TUNL, such as measurements of neutron-induced ssion product
Yields using the RABITTS (RApid Belt-driven Irradiated Target Transfer System) system, investigation
of nucleon interactions inside light nuclei, neutrino physics, among others.

The experiment began by producing and extracting a (negative) 3He beam from the helium
source (see below) that is injected into the tandem Van de Graaff accelerator. The  2He negative ions
are then accelerated towards a positive high voltage terminal located at the center of the tandem
that was setto 7 MV to obtain a 21 MeV 3He beam?. At the terminal, the accelerated negative ions
pass through a2 g/ cm? thick carbon foil where they lose the electrons gained at the source and

2The beam energy is determined by E =(q+1) V e, where q is the charge state of the beam, V (in MV) is
the terminal voltage, and e is the electronic charge [Rolfs etal., 1988]. In our case, E=[2+1] x 7 MeV = 21 MeV.
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Figure 3.1. Layout of the laboratory at TUNL. The beam line that was used is the one that
ends at the Enge spectrograph. Credit: Dr. Richard Longland.

become positive. Next they are accelerated away from the terminal to nally exit the accelerator as

a 21-MeV beam. The beam then goes straight through the 20-70 magnet, whose magnetic eld is set

to zero (i.e., itis degaussed) to prevent any de ection. The beam then enters a the high resolution
beamline, where its energy is precisely selected by the 90-90 analyzing magnets [Dzubay et al., 1972].
The magnetic eld of these magnets is set by an NMR probe to only allow a beam with the desired
energy/ mass ratio through both magnets. A set of current slits located at the entrance, center, and
middle of the 90-90 magnets, provide a feedback system to control the beam energy. Depending
on the aperture set between the slits, the energy resolution of the 90-90 could be E 50%). After
passing the 90-90 magnets, the beam then goes through the 70-70 magnet whose magnetic eld is
setto bend itby 15 and direct it towards the Enge spectrograph's target chamber. There, the beam
impinges on the target to produce the reactions whose products enter the spectrograph and are
momentum analyzed (see Section 3.2.1).

3.2.1 3He source

To produce the 3He beam used in this work we used the TUNL Helium lon Source (HIS). This source
was also used to produced the *He beam that was used to do Rutherford Backscattering Spectroscopy
(RBS) on ourtargets (see Section 3.3.2. The detailed working process and principles of HIS are beyond
the scope of this work and can be read in its manual [Combs et al., 2017],[Source, 2000. We will only
give here a brief description.

The main components of the HIS are the Duoplasmatron, the Extractor, the Focusing System,
and the Charge Exchange System. The Duoplasmatron contains the gas inlet through which helium
gas CHe or “He) is injected to HIS, a source head magnet, a lament, and other components that
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Figure 3.2: Schematic drawing indicating the different optical elements to steer and focus
the beam and beamstops used to measure the current, that are presentin the Enge beamline.
Credit: Dr. Richard Longland.

can be controlled to optimize the helium ions production. The process of generating a helium beam
begins by producing positive helium ions created by an arc discharge. They are extracted by the
two electrodes setat  -20 kV that conform the Extractor. Once extracted, the Focusing System, by
means of a round metal plate biased at 5 kV located after the Extractor, focuses the positive ions
and directs them towards the Charge Exchange System. This latter consists on two condensers and
an oven exchange canal containing sodium that is heated to provide one or two electrons to the
incoming positive helium ions. The result of all this process is a negative helium ion beam that is
directed and focused towards the tandem Van de Graaff where it is accelerated.

Enge Split pole spectrograph

The Enge Split-pole is a high resolution spectrograph that was originally designed in 1967 by Harald
Enge [Spencer and Enge, 1967] and consists on two magnets that share a single coil, as shown
schematically in Figure 3.3. The spectrograph design creates three magnetic eld regions, at the
entrance, at the exit, and between the dipoles. These magnetic eld regions are what improve the
magnetic spectrograph as compared to other models. They provide a rst order focusing in the
vertical direction and a second order focusing in the horizontal direction [Enge, 1979.

The working principle of the spectrograph is based on the circular motion of charged particles
under the in uence of a magnetic eld perpendicular to their trajectories. The equation of motion
of a particle with momentum p and charge q moving in a magnetic eld B that is perpendicular to
its direction of motion is given by

P
B=—, (3.1)
q
where s the radius of the circular path followed by the particle. The product B is called the mag-
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netic rigidity . This is a very important quantity since it allows to determine the particle's momentum
(energy) given the radius of its trajectory. That is, by setting the spectrograph's magnetic eld, B, and
knowing the particle's radius its momentum (energy) can be determined. The working principles of

the spectrograph are better understood by analyzing its beam optics. The complete equations used

to describe the ion beam optics of the spectrograph can be foundin  [Enge, 1979 and will not be
described here. However, we will describe the most important parameters. The incoming beam spot
before entering the magnets has vertical and horizontal positions  y; and X;, respectively. After going
though the magnets' magnetic eld the outgoing beam spot is an image of the incoming beam with
vertical and horizontal positions y; and x; , respectively. The quantity X; is especially important
because its spread, x;, is related to the spread in momentum by the equation

x; =D —2, 3.2)

p
where D is a parameter of the spectrograph known as the Dispersion, which describes a shift in
position due to a unit shift in momentum, and the quantity p=p is the momentum spread. For
particles having different momenta, the spectrograh will be able to resolve them if the dispersion D
is greater than the nal position spread, Xt . The precision to which two contiguous momenta can
be resolved would depend mainly on the resolving power of the spectrograph and the resolution of
the detector employed. The other important spectrograph parameteristhe  magni cation , M —))((f
which is the amount by which the beam spot image changes its size with respect to the initial size.
The horizontal magni cation of the spectrographis M, = 0.34[Marshall et al., 2018].
The spectrograph can be set at any particular angle between -5 Lap 70 tomeasure the

reaction products emitted. The particles entering the spectrograph go through a brass aperture that

is located at 22.5 cm away from the target position and that can be changed to subtend solid angles

of 0.125-, 0.5-, 1-, 2-, 4-, and 6.1 msr. In this work we used an aperture subtending a solid angle
of 1 msr. To conclude, Figure 3.3 also shows schematically how the spectrograph works. Without
losing generality, when a 3He beam impinges on a 2°Ne target the resulting alpha particles (the
ejectile) that enter the spectrograph are bent according to their momentum (energy). The higher
their momenta, the larger their trajectory radii (see Equation 3.1). When the beam populates PNe
excited states, the higher the energy of the state the less the momentum that the alpha particle
product has when entering the spectrograph, and hence the smaller its radius (yellow line). If the
ground state is populated, the ejectiles will have more momentum and, consequently, their radii

will be larger (purple line). Finally, after passing through the magnets and being bent in circular
trajectories according to their momentum, the particles are focused into what is known as the
spectrograph's focal plane, a slightly curved region forming 41.5 respect to the exit magnet. To
detect the particles from the reaction after entering the spectrograph and being bent by its magnetic

eld, a detector is placed inside and is moved to search for the focal plane, where the particles of
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Figure 3.3: Schematic drawing of the Enge Split-pole spectrograph from above. This con-
sists on two dipole magnets whose magnetic elds bend incoming charged particles ac-
cording to their momentum (energy), and sent into the spectrograph's focal plane. The
colored lines increase in radius corresponding to decreasing energy excited states in the
the recoil nucleus (see text). The spectrograph can be set at any angle between-5 and 70 .

interest are going to be focused (see Section 3.4 for more details of the detector).

3.3 Targets

To measure the selected nuclear reaction, ?°Ne(®He, “He)°Ne , we needed a ?°Ne target. Since neon
is a gas, pure neon targets must be gaseous. Also, gas targets lead to poor energy resolution caused
by, among other things, the loss of energy of the beam when it goes through the window of the
container [Stolarz, 2014]. However, we do not have at TUNL the equipment necessary to use a gas
target. To ful Il our requirements, namely, that the target must be a transmission target and that

it must contain neon, we used the implantation technique [Bertone et al., 2002]. This technique
consists on impinging a 2°Ne beam of the desired element to make the target on a carbon substrate
foil. Foils were mounted on target frames with a oating process as described in Appendix A.

To obtain the targets that were used in the experiment, we followed a process of trial an error
that could be split into two: Implanting with an implanter and later with an electron cyclotron
resonance (ECR) ion source. Both approaches have things in common and will be described in
detail in this section.
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3.3.1 Estimating implantation parameters

The implantation process is required to make targets of elements in a gaseous for, especially noble
gases like neon, that do not bind to any element. The rst step to implant targets was to calculate
the energy that 2°Ne ions must have in order to be embedded in the substrate. If the ions do not
have suf cient energy they will be implanted near the surface of the substrate foil, and hence
they can diffuse more easily eventually escaping to the surroundings. The energy required for
the ions to be implanted will depend on the ions and on the substrate via its stopping power
[Andersen and Ziegler, 1977]. We selected carbon as the substrate because it is a light element and
because it has been used previously in our group using other target fabrication techniques, such
as evaporation. The carbon substrate was purchased from the Arizona Foil Company [ACF:, 2015.
These were rectangular carbon foils (2.5 cm x 7 cm) of a nominal thickness 2 of 13-and 40 gcm ?
that were laid completely on a rectangular glass slide that contained a salt layer soluble with water.
To determine the energy of the 2°Ne ions to be implanted we used the code TRIM (TRansport of
lons in Matter) that comes with the stopping powers software SRIM (Stopping and Range of lons
in Matter) [Ziegler et al., 2010]. Given the information about the beam element, the substrate, and
the energy used, TRIM performs a Monte-Carlo calculation following the ion through the substrate
and performing thorough calculations of the energy transferred to every substrate atom in collision.
Among other useful features, TRIM outputs graphs showing the ion distribution inside the substrate,
also indicating the range that it traveled before stopping. We set the number of ions to 100,000 and
performed calculations for ion energies of 25-, 35-, 45-, 50-, and 55 keV. As an example of these
calculations, Figure [3.4] shows a simulation for the distribution of ~ 2°Ne ions implanted in a 40
g/ cm? thick foil. Note how the closest to the center the centroid of the distribution is, the broader
and atteritbecomes. Thatis, the lower the implantation energy is the narrower the ions distribution
becomes, which means a more localized layer. This is desirable because it implies that products
from reactions occurring within the layer will experience similar energy loss in their path exiting the
target. However, the implantation energy should not be too low in order to prevent implanting in
places that are too close to the surface of the foil, which could lead to the diffusion of neon. As will
be seen and explained in the following section, the implantation energy that we used was 25 keV.

3.3.2 Implanting Using the ECR

The rst attempt we did to implant was using the implanter at UNC (see Appendix E), but after a few
weeks of usage it stopped working and was taken apart. In view of this and due to the convenience of
having the Laboratory for Experimental Nuclear Astrophysics (LENA) within walking distance from
TUNL, we decided to use its Electron Resonance Cyclotron lon Source (ECRIS or ECR) to implant

SForcarbon, 40 gcm 2= 1900 10 m
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Figure 3.4: Simulation of 2°Ne ions distribution with an energy of 20-, 25-, 35, and 38 keV
implanted on a natural carbon foil obtained using TRIM. Note that the Carbon foils are
1900 Athick.

Figure 3.5: Electron Resonance Cyclotron lon Source (ECRIS) used for implantation. Taken
from [Cooper et al., 2018]

our targets.

A schematic layout of the ECR station used to implant is shown in Figure 3.5. The ECR at LENA
was primarily designed to produce high intensity proton beams (currents of the order of hundreds
of mA) to study low energy reactions of astrophysical importance, which occurs at low energies and
have very small cross sections. However, any gas can be used, including the neon gas that we used
to implant our targets. The rst stage in ECRIS is a plasma chamber where the gas is introduced
to create a dense plasma using microwave radiation at 2.45 GHz [Cooper, 2019]. Together with a
solenoidal axial magnetic eld of 87.5 mT, free electrons are made to oscillate at the resonance
frequency making them enter in a helical motion. During this motion the free electrons hit other
bound electrons in the gas atoms, freeing and making them oscillate too. As a result a plasma is
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made from which ions are extracted to nally generate the beam  [Cooper, 2019]. After the plasma
is created and all parameters controlling it are tuned, the beam can be extracted and accelerated
using an accelerator column placed with the source on an insulated high voltage table. After this
the beam goes through an analyzing magnet whose magnetic eld B is given by [Cooper, 2019]

kP ———
B= a 2mc2E + E?2, (3.3)

where k is a calibration constant, c is the speed of light and m, g, and E are the ion mass, its charge,
and the beam energy, respectively. As with the case of the implanter (see Appendix E), the analyzing
magnet magnetic eld was swept looking for the presence of a beam current at the beam stop
located near the exit of the magnet (see Figure 3.5). This process allowed us to select the 2°Ne beam
to be implanted. Once the desired isotope is selected using the analyzing magnet, a series of optical
elements including a steerer and a magnetic quadrupole were used to direct the beam on target.
We followed the same procedure outlined in the previous subsection to implant on carbon foils on
their glass slides using the implanter.

Cutting the foils

The foils that we used to implant with the ECR were 40/ cm?-thick carbon foils on their glass slides
that were 7 cm x2.5 cm. In order to t them in the blank-off of the ECR implantation station we
needed to cut them as we did in the case of the implanter. The procedure to cut the slides was done
by following these steps:

1. Take the slide with the carbon foil and take an empty slide (just the glass) to put it on top of
the slide with the foil with the carbon and the empty glass in contact.

2. Carefully, completely wrap both slides using painters tape (3M ScotchBlue). Both slides
together, the combination, must be one solid piece without relative motion between the
slides. Otherwise, any motion can tear apart the carbon foil.

3. By marking the middle point of the combination carefully but rmly (without applying
excessive pressure) secure the wrapped slides by the mark using a clamp leaving only one
half of the slide exposed.

4. Using a Dremel with a 1 mm thick grind disk head, cut the slides as close as possible to the
clamp, with the disk as parallel as possible to it.

5. The cut will heat the foil until a pale red is seen. Do not use water to cool! Any humidity could
affect the integrity of the carbon foils.
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6. Pause for about 30seconds every 7-10 millimeters approximately to prevent overheating the
slide and then continue.

7. Continue cutting until the opposite side of the slide is reached, completely cutting it. Do
not try to break the combination when almost everything is cut! This may fracture the slides,
making them useless.

Results

From the experience with the implanter we learned that carbons foils could be implanted with 2ONe
directly on their glass slides and we developed a procedure to do it (see Section E). However, using
the ECR posed some new problems that we did not have using the implanter. One concern was
that using pure neon in the ECR could lead to intense beams that may burn the foils. As an attempt

to overcome this problem we produced a gas bottle containing approximately 95 % Argon and 5

% Neon. The idea was to use argon as the ‘cooking' gas to create a plasma and let a small amount
of neon in a beam mostly composed of argon. We set the magnetic eld to only allow the neon
component to go through. The result would be a neon beam with reduced intensity. We tried this
mixed gas idea but not without being skeptical. The result of this attempt was the total absence of
neon and the presence of argon as revealed by a Rutherford Backscattering Spectrometry (See 3.3.2
for more information on RBS) analysis done to targets from this foil using the software SIMNRA
[Matej, 1997]. Figure 3.6 shows a spectrum resulting from that analysis, where only a very small
fraction of argon was implanted. What could have happened was that there was not enough neon

in the plasma to create a 2°Ne beam and, since the charge / mass ratio for a doubly ionized “4°Ar is
the same as for a singly ionized 2°Ne atom (1/20), we had a low intensity beam of doubly-ionized
40Ar. Due to this charge / mass ratio the doubly ionized “CAr beam was indistinguishable froma %°Ne
beam to the analyzing magnet, and hence it was able to go through.

The next attempt that we considered was using a pure neon bottle. We decided to try this neon
bottle and see if we could implant at a typical beam current used for beam-stop targets ( 0.4 mA).
To test this we implanted on small nickle disk that we designed to resemble the dimensions of the
target frames that we used in this work (1 cm in diameter and 0.1 cm deep). After implantation, we
did an RBS analysis to this nickle target and corroborate thatindeed 2°Ne was implanted.

We needed to reduce the beam current on target from 400  Atolessthan 20 A. Thiswas nally
achieved by changing the voltages of the table and the source until we reached a combination that
would be suf cient to create and maintain a plasma while at the same time produce a low intensity
beam on target. The combination was to get a total of 80 kV split into 50 kV on the source and 30 kV
on the table. After several attempts where other things went wrong, we were nally successful in
implanting two half slides. One half slide was implanted with a dose of 0.25 C at an energy of 25 keV
and with a mean currenton targetof 10  A. A customized rastering pattern (by LENA students) at
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Figure 3.6: RBS analysis done to the implanted sample. The black and red lines are, re-
spectively, the experimental data and the simulation done using SIMNRA.

40 Hz was used. The implanted region was 2.5 cm in diameter. Out of this half slide, 4 transmission
targets were obtained. Two out of this four targets were the ones that we used in this work. The
second half slide was implanted at an energy of 25 keV, but this time we needed to use a higher
current in order to reduce the implantation time due to time constraints with ECR use. A current of
130 A was used to implant half the previous dose (0.125 C) in an effort to be able to implant a foil
that still could be used to obtain targets. Out of this half slide only two transmission target could
be extracted because most of the foil was burned by the power delivered due to the use of a high
current ( P = 325 mW). The reason why we decided to use 25 keV energy for implanting was due to
the results obtained in the previous attempts with higher energies (e.g., 45 keV and 50 keV) which
resulted in burned foils that could not be taken from the glass slides. Probably because the salt that
allowed them to stick to the glass and to release from the glass was melted by the beam. Figure 3.7
shows images depicting one of the 2°Ne implanted half slides and an example of one of the resulting
transmission targets.

RBS Analysis

To characterize the targets used we employed the Rutherford Backscattering Spectrometry (RBS)
technique. In this technique a light particle beam (typically alpha particles) at a relatively low energy
(e.g., 2 MeV) is used to bombard a sample. The impinging ions are backscattered by nuclei in the
sample, and leave with a characteristic energy that depends on the element that produced the
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Figure 3.7: ?°Ne implanted targets used in this work. Panel a) shows the 2.5 cm in diameter
implanted region on a carbon foil on a half glass slide. Panel b) shows one of the four
transmission targets that came from the half slide shown in panel a). The targets contained

adose of 0.25 C.

Table 3.1: Parameters of the Neon implanted target that were used in this work.

Implanting energy (keV) Current( A) Layer thickness ( gcm 2) Location respect the front (A) Dose (C)

25 10 3.61 0.36 123 1.2 0.25

scattering. These projectiles are detected typically by a silicon detector and their energy recorded in

an energy spectrum. By knowing the incoming and outgoing energies and the masses involved in
the scattering it is possible to determine which elements are present in the sample and in which
concentration. Also the depth and thickness of the element layers that make up the sample can be
determined with RBS. The software SIMNRA [Mayer, 1999] was developed to simulate a RBS energy
spectrum given the experimental parameters used to perform it. This technique is widely used to
characterize samples and targets in nuclear physics experiments due to its simplicity and because it

is non invasive.

To characterize our targets we use the RBS technique together with SIMNRA. We used a “*He*
beam at 2 MeV to impinge on a ?°Ne target placed perpendicular to the incident beam. A silicon
detector with a 17 keV energy resolution was placed at an angle of 165 respect to the beam direction
to detect the backscattered “He particles. We used a self-supporting gold target for calibration
purposes. By using SIMNRA on the energy spectrum for this gold target we could determine the
experimental solid angle and perform an energy calibration curve to determine the elements present
in our implanted targets when we analyze their RBS energy spectrum with SIMNRA. To summatrize,
Table 3.1 shows the parameters of implantation for the targets that were used in this work.

Figure 3.8 shows a sample RBS spectrum obtained for one of the 2°Ne implanted targets that we
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Figure 3.8: RBS spectrum of a transmission 2°Ne implanted target that came from the
carbon half slide that was implanted with a dose of 0.25 C. The spectrum shows the presence

of 12C, 13C, ?°Ne, and a contamination of 0. The thickness of the implanted 2°Ne layer was
calculated to be 3.61 g/cm? 0.36. The error was estimated to be 10 % (see the text).

tested. The analysis done with SIMNRA con rms the presence of ?°Ne. Itisa3.61 g/cm? 0.36
thick layer with an stoichiometry of 13 % relative to carbon. The error in the layer thickness was
estimated to be 10 % based on a conservative estimation of the uncertainty of stopping powers of
neon in carbon from SRIM [Ziegler et al., 2010]. The implanted neon layer was found to be located
atadepthof 1/3 of the carbon foil. The other important feature that came out of the RBS analysis
done to this target was the presence of a layer of 180. Thiswas 0.4 g/cm? thick located at the target's
surface. This contamination, as we will see in the next chapter, had important consequences in the
study of some of the 1°Ne populated states.

3.4 The Focal Plane Detector

To detect the particles that are focused into the spectrograph focal plane, a detector must be placed
parallel to this plane. This is done by using stepper motors to control the movement of the detector
towards or away from the focal plane. This detector is called the  Focal Plane Detectorandisa4in 1
detector consisting in 2 position sensitive sections separated by an energy loss section (to which the
other three sections are attached), and a total energy section. The detector region where the rst
three sections are located is lled with isobutane gas. The housing is made of aluminium and has
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dimensions of 11.15cmx 13.97 cm x 71.72 cm. It has a sub-millimeter spatial resolution of 0.36-0.72
mm, which corresponds to 15 keV for protons from the 27Al(d,p) reaction [Marshall et al., 2018].
Details about how the energy resolution was determined and how it was translated into spatial
resolution are given in [Marshall et al., 2018]. The rst design of the detector in TUNL was done by
Hale [Hale Jr, 1999). This design was later updated and improved in 2014 and is the one we used in
this work. Figure 3.9 shows a schematic drawing of the detector cross sectional view, where the four
sections mentioned sections are together with a the Kapton window that is the interface between

the detector and the spectrograph. Details of the detector can be foundin  [Marshall et al., 2018]. In
this section we will describe each of the detector components together with the electronics used to
obtain the data analyzed in this work.

3.4.1 Position Sensitive Sections

The detector has two identical position sensitive sections that are avalanche counter detectors
[Knoll, 2010]: the front position section (Pos 1 in Figure 3.9), which is the rst section encountered
by the particles when entering the detector, and the back position section (Pos 2 in Figure 3.9),
located after the energy loss section. The energy loss and the position sensitive sections share an
isobutane environment. The front section is used to determine the position of particles focused

into the spectrograph focal plane. Recall that these positions correspond to particles' momenta,
which correspond to excited states of the products resulting from the reaction (see Section 3.2.1).
The second position sensitive section is used, together with the front position, to determine the
angle at which the incoming particles entered the spectrograph and their paths ~ [Ugalde et al., 2007].
Each section has four components: i) a single-sided Mylar electro-etched foil  [Marshall et al., 2018],
i) a board with 5 high voltage anode wires, iii) a Mylar grounding foil, and iv) a delay-chips board.
These 4 components are assembled by placing the electrically isolated wire board, which has 5
equally spaced high voltage anode wires tensioned to of 1 N, between the back of the single-sided
Mylar foil and the grounding foil. Components i)-iii) are then put together with the delay-chips
board, having the single-sided Mylar foil in contact with it. The delay-chips board has 20-delay
chips, each having 10 legs providing 50 ns delay for atotal of 1 s delay to the whole board. These
two position sensitive sections are located within an environment isolated from the spectrograph
vacuum and pressurized with 200 Torr of isobutane. The way these avalanche counters work is a
follows: when a charged particle enters the detector through the kapton window it ionizes the atoms

of the isobutane gas in that region. The electrons from this rst ionization are attracted towards the
positive high voltage causing a secondary ionization and so on, creating an avalanche of electrons.
The result is an electron cloud that is localized around the particle as it moves through the detector.
This negatively charged cloud induces a positive image charge on both cathode foils. The one
connected to the delay-chip board contains 200 electro-etched strips, that are electrically isolated
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Figure 3.9: Schematic drawing of the Focal plane detector cross sectional view. The dimen-
sions of the detector are shown, where the ~ symbol indicates the length of the detector.
The entrance window to the detector is covered by a12.7  -thick Kapton foil. The detector
has two position sensitive sections (Pos 1 and Pos 2) separated by an energy loss section
(dE), and a total energy section (E). All parts are attached to the dE section, and the inside
volume of the detector (everything except the scintillator section) is lled with isobutane
gas. The red arrow indicates the beam direction. Adapted from [Marshall et al., 2018].
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Figure 3.10: Schematic drawing of the front and pack position sections. Adapted from
[Marshall et al., 2018].

from each other, and in contact with a corresponding leg in each chip. As aresult, each strip is able to
carry induced electrical signals to the delay-chip board. This is the key feature to obtain the particles
position when entering the detector. The induced signal, which is distributed in several strips, splits
in the delay-chips board and is sent to each end of the detector. The timing difference between
the signals from these two ends allows to determine the position of the particle. Details about the
materials used and the assembly process and the are described in detail in  [Marshall et al., 2018].

3.4.2 E Section

This detector section is a gas proportional counter detector [Knoll, 2010] made of a single high
voltage anode wire (setto +900 V in this experiment) tensioned to 0.5 N that stretches from one end
of the detector to the other and is soldered to high voltage feedthroughs. The wire is located between
the two position sections and shares the same isobutane gas environment at 200 Torr. Due to this
con guration, the E section has as one cathode the back of the grounding Mylar foil of the front
position section. The other cathode is also a Mylar foil. The main purpose of this detector section

is to send a signal that is proportional to the energy that the incident particle has after entering
the detector and passing through the rst position section. As will be seen in the next chapter, the
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signals coming from this section are used for particle identi cation.

3.4.3 Remaining Energy Section

The fourth component of the detector, used to register the remaining energy of the particles after
going through the other three sections, is a scintillator paddle attached to a photomultiplier tube
(PMT). The light emitted by the scintillator due to particles [Crystals, 2005] was collected and
guided by wavelength shifting bers that were coupled to the PMT (see below). Aluminium foil
covered the back and end of the paddle (the one opposite to the PMT) to improve re ection and
collection of light.

Scintillator

We used a Saint-Gobain BC-404 organic plastic scintillator that emitted light in the violet-blue part

of the spectrum (380 - 495 nm). It was customized to tin the detector and at the same time to be
thick enough to completely stop the patrticles. Itis 70.6 cm long, 5.08 cm wide, and 0.64 cm thick.
One important feature that this scintillator model has is that it is sensitive to -and particles
[Sheet, 2014. This, together with the fact that we are interested in detecting particles and that it
is designed to provide fast timing signals, makes its signals perfect to trigger our Data Acquisition
(DAQ) system to collect the detector signals required for our experiment.

Wavelength Shifting Fibers

To improve light collection, we decided to use Wavelength Shifting Fibers (WSF). These bers shift
the wavelength of the light that they receive to a particular wavelength characteristic of the ber. We
used Bicron BCF-91A [Crystals, 2016 WSF to shift the violet-blue light emitted by the scintillator to
the green part of the spectrum (495 - 570 nm). To use these bers we adapted the scintillator paddle

to embed the WSF in 8 carved grooves that were equally spaced by 5 mm (See Appendix B). The
grooves had the paddle length and were 1.2 mm deep. The design of the grooves was made using
the software Solidworks [SolidWorks, 2005]. The WSF used had 1 mm in diameter, were 1.5 m long,
and were kept in place by using Saint-Gobain BC-600 Optical cement [Saint-Gobain, 2016].

Photomultiplier Tube (PMT)

As part of an improvement done to the 2014 iteration of the detector, a smaller PMT was used. It

was a Hamamatsu H6524 with a bias voltage of - 1650 V. It is 2.35 cm in diameter, with a length of 20
cm, a Bialkali photocathode, and a Borosilicate glass window. This PMT is capable of detecting light

of wavelength between 300- and 650 nm with a peak at 420 nm.
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PMT Coupling

To x the PMT to the detector, a customized coupling to the WSF and a mount to the detector were
designed using Solidworks [SolidWorks, 2005]. The coupling consisted on a plug, a hose, and a PMT
connector. The plug was a thin 1.1 cm-thick black PVC piece with a 5.08 cm in diameter round part.
Eight 1.2 mm in diameter holes allowed the bers to run from one end of the piece to the other.
The hose used to run the bers from the scintillator to the PMT was a 1.20- m long black garden
hose with 2.5 cm in diameter aperture. To couple the plug to the hose, we designed a black PVC
funnel-like Bell connector. This piece had a 6 cm diameter in one end to connect it to the plug, and
an end that was 2.5 cm in diameter to connect it to the hose. Finally, the coupling to the PMT was
achieved by the PMT connector, a 1.5 cm diameter round piece of black PVC that was connected
to the hose and secured to it by using a hose ring. This piece had eight 1.2 mm in diameter holes
spaced by 3.8 mm between them and arranged in a 1 cm in diameter circular shape. The other end
was coupled to the PMT (which required a single turn of black tape to improve the tting). It had an
inner and an outer diameter of 2.4- and 25 cm.

To x the PMT to the detector, a mount consisting in two small aluminium blocks that were
3.5 cmin height by 5 cm long by 2 cm wide were used. Each piece had a semicircular cut of 1.5 cm
in radius centered at 2.45 cm from the base and at 1 cm from the sides. The pieces were placed
approximately 10 cm apart from each other. The PMT was laid on the semi-circular cuts and secured
using velcro strips. Figure 3.11 shows the coupling and the mount. The technical drawings for the
mount and the coupling elements that were described in this section can be seen in Appendix B.
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Figure 3.11: Panel a) shows all the the elements for the coupling between the scintillator
paddle and the PMT assembled. The bell connector is shown to the left of this panel and
the PMT connector to the right of that panel. Shown in panel b) are the aluminium pieces
that make up the PMT mount, and panel c¢) shows the PMT on the mounts and with the
connector attached.

3.5 Electronics

In this section we describe the electronics chain that we used to gather and process all the signals
coming from the detector in order to generate the spectra used and analyzed in this work. In what

follows we will be using the following de nitions:

» HE: High energy end of the detector. This refers to signals coming from the left hand side of
the detector as seen from the beam perspective, where higher magnetic rigidity particles (i.e.,
high energy particles) are de ected to.

» LE: Low energy end of the detector. This refers to signals coming from the right hand side of
the detector as seen from the beam perspective, where lower magnetic rigidity particles (i.e.,

lower energy particles) are de ected to.
e E: Detector’s energy loss section.
» E: Residual energy section of the detector (the scintillator).

We have a total of 6 signals: 4 coming from the position sections (Front position HE and LE, and
Back position HE and LE), one signal coming from E, and one coming from E. Only the main
electronic modules that were used are mentioned in what follows.
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3.5.1 Position Sections

The signals coming from the position sections go rst through fast-timing preampli ers located
inside the Enge Split-pole magnetic spectrograph chamber. After being preampli ed the signals
from these sections are sent to a quad Timing Filter Ampli er (TFA Ortec 863). Then they are sent
through a Constant Fraction Discriminator (CFD Phillips Scienti ¢ 755) that was used mainly to
eliminate electronic noise as much as possible by setting the threshold (to 300 mV)ineach channel
used. After this, the HE signals are sent to the Start input of Time-to-Amplitude Converter (TAC
Ortec 567), while the LE ones are sent into a delay box to be delayed by 1 s to ensure that they
come after the HE signals. These low energy signals are then used to stop the TAC. The output of the
TAC is then sent to a CAEN V785 Analog-to-Digital converter (ADC) that is connected to a computer
to store and analyze them using the NSCL DAQ (National Superconducting Cyclotron Laboratory
Data Acquisition System).

35.2 E Section

Signals coming fromthe  E section are preampli ed and then sent to an Ortec 572A ampli er for
shaping and ampli cation before sending them to the ADC.

3.5.3 E Section

The PMT in E section produces two signals: one used for energy purposes (the Anode) and one used
for timing purposes (the Dynode). The energy signal is sent directly to an Ortec 572A ampli er and
then to the ADC. The timing signal is sent to a TFA and then to a CFD. Timing signals were used as
the trigger signal to starta 10 s master gate to collect all of the signals previously described as long
as the system was not vetoed (i.e., if the system was not busy reading a previous event). Figure 3.12
shows a schematics of the electronics used for the focal plane detector as described in this section.
Only the main components to understand the electronics chain used in this work are shown in this
gure. The complete electronics chain involved more elements, like delay modules, and a built-in
house 10 Hz clock. This clock was used to determine the dead time (DT) in the experiments by using
the simple formula:

_Clock live
- Clock

where Clock live is the clock reading subjected to all the electronics chain of the  E signal (i.e., while

100, (3.4)

the master gate was opened), and where Clock is the clock reading regardless of the master gate
opening. For all runs in this experiment the dead time was 2 % for a count rate of 180 hz.
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Figure 3.12: Schematic drawing of the electronics chain to process the signals coming from
the focal plane detector. Only the main electronic components used are shown. Signals
from the Front and the Back position sections have identical electronics chain, each having

their own ADC and TAC. See text for the acronyms.
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Finally, although the timing signal coming fromthe  E section is the fastest and was set to trigger
the DAQ to start collecting data, we faced a problem when using this signal as a trigger. The problem
was related to an issue with the scintillator ef ciency. Consequently, and due to the large carbon-to-
neon ratio in the targets (see Section 3.3.2), no '°Ne excited states showed in the spectra gathered,
and only a portion of events coming from carbon were recorded. This problem was detected during
the data acquisition of the rst angle measured in this work. To x it, we decided to use the HE front
section signal as a trigger, since this was the rst signal that was produced by the incoming particles.
Figure 3.13 shows 2D spectra of energy loss vs. total energy (  E vs. E). The difference between using
the scintillator or the HE front position signals as trigger can be seen in the number of events in
each band, especially the one correspondingto  's. As mentioned, this issue is explained by the
large amount of carbon as compared to neon in the target, and an issue related to the ef ciency of
the scintillator.
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Figure 3.13: Panel a) shows the 2D spectrum E vs.E obtained using the scintillator signal
to trigger the DAQ. The bands shown correspond to detected ,3He, °H, and 'H as indicated
inthe gures. Panel b) shows the corresponding 2D spectrum E vs.E 2D, but using the HE
front section to trigger the DAQ. Both spectra were obtained by using the same target and
similar exposure time. The difference in the amount of events between panels a) and b) is
due to the use of triggering signals. As mentioned, using the scintillator signal as trigger, and
due to the large carbon-to-neon ratio, caused all spectra to show events coming almost only
from reactions with carbon. Using the HE front section signal as trigger made all spectra
show also complete events coming from carbon reactions as well as those coming from

reactions with neon.

55



CHAPTER

4

ANALYSIS AND RESULTS

In this chapter | describe all the details of the experiment performed in this work, the results and

the process of the energy calibration done, and the calculation of the cross section for this reaction
using experimental parameters. | will also show the J  values extracted for each 1°Ne state analyzed
by comparing the experimental angular distributions with the theoretical angular distributions
calculated using the DWBA approximation (see Section 2.1.4).

4.1 Experimental Details

The ?°Ne(®He, “He)*°Ne neutron pick up reaction was performed in two experiments (Set 1: Septem-
ber 2018, and Set 2: May 2019) using two different targets, but both coming from the same implanted
foil (see Section 3.3). The way in which both experiments were designed was as follows:

1. | chose the 1°Ne excited states to study.

2. For each excited state | calculated the theoretical angular distribution (cross section vs cMm)
using the code FRESCO [Thompson, 1988], and based on its shape, | determined which
laboratory angles to study.

3. Once the angles to study were decided and knowing the 1°Ne excited states of interest and

56



the beam energy, | used the reaction kinematics to nd the spectrograph's magnetic eld to
show these states as close to the center of the focal plane as possible. | used a code to predict
“He focal plane positions for this purpose.

4. Giventhereaction 2°Ne(®He, “He)'°Ne and the angles to study, | calculated the stepper motors
values of the FPD to place it in focal plane. The motors had these position equations: M ;=-(k
-0.28611) 0.16481 and M,=-(k - 0.31099)/0.17616, where M; is the stepper motor i and k is
the kinematic factor used to determine the positions at which the Focal Plane Detector must
be moved inside the spectrograph to focus °Ne excite states.*

4.1.1 Experimentl

This was the rst successful experiment recorded (from now on Set 1). We used the Front Position as
triggering signal to avoid energy issues with the scintillator that we had in a previous attempt (see
Section 3.5.3). This experiment was performed from September 18-22, 2018. The accelerator voltage
was set to 7 MV for a *He** beam energy of 21 MeV. The target used was one of the 2°Ne implanted
targets with a dose of 0.25 C (see 3.3.2). The Enge Split-pole spectrograph was set to study angles in
the laboratory of 25 ,20,12 ,and 10 (measured in that order), and with an aperture of 1 msr. The
spectrograph magnetic eld was setto 0.81 T for all angles. Data was collected for 10 hours per angle
divided in 1 hour runs each. The extracted beam currentwas 2.5 A when injected to the tandem,
while the average beam current on target was between 0.9-1.2  A. The isobutane gas pressure in
the detector was 220 Torr. The voltage biases for each section of the detector were: +1800 V for the
front section; +1800 V for the back section; +900 V forthe E section, and -1650 V E section. The
deadtimewas 2 % or less for all runs. For the two lowest angles measured (10 and 12 ), events
coming from elastic scattering were interfering, at high energies, with those corresponding to
particles. To avoid this interference, we placed a particle blocker between the FPD and the incoming
particles. This was a 2.5- cm side cube that was blocking almost all those events, but also caused the
absence of 1°Ne states at energies from > 7.6 MeV in the spectra. The last run we did before moving
the spectrograph to measure a different angle was a 20-minute run using a plain carbon target for
background purposes, which we also did in the second experiment (see below).

k= pldd% where p is the particle's momentumand | ,;, is the spectrograph's angle. The kinematic
factor is a correction for an effect called kinematic broadening . Particles entering the spectrograph with the
same magnetic rigidity are focused in the same spot, but slight energy variations coming from the slightly
different entrance angles of particles cause a broadening of the focusing spot. The kinematic factor is a

correction for this broadening.
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4.1.2 Experimentll

After having a successful previous experience with measurements in September 2018, and because
more angles were needed to get more points to produce more robust angular distributions, we
decided to perform a second experiment (from now on Set2). This was carried out from April 29

to May 2, 2019. We used an implanted target different one from the one used in September 2018,
but still coming from the same foil as the latter (the one implanted with a dose of 0.25 C). The
accelerator terminal voltage was also setto 7 MV to produce a 3He** beam with an energy of 21 MeV.
The spectrograph was set with an entrance aperture of 1 msr and at angles of 9, 3 (spectrograph
magnetic eld setto 0.87T),22 and 27 (spectrograph magnetic eld setto 0.86 T), measured in
that order. The beam currentwas 2 A at the entrance of the accelerator and uctuated between 600
and 800 nA on target. The helium source extraction voltage was very unstable during the experiment,
causing uctuations in the beam current. The isobutane gas pressure in the detector was 220 Torr.
The voltage biases for each section of the detector were: +1900 V for the front section; +1700 V for
the back section; +1000 V for the E section, and -1700 V E section. As with the experiment in
September 2018 we triggered the DAQ using the front HE signal. The dead time was also 2%or
less. As with Set 1, data for every angle was gathered for 10 hours divided in 1 hour long runs.

4.2 Energy Calibrations

In this section | describe particle identi cation, spectra analysis, calibration of the focal plane, and
the procedure followed to obtain energies forthe  °Ne excited states that were observed.

4.2.1 Particle Identi cation

The rst step to produce the spectra that were analyzed and from which | extracted information
such as peak centroids and peak areas, is to identify the particles whose energies correspondto  1°Ne
excited states. In the 2°Ne(®He, “He)°Ne reaction, the detected particles in the spectrograph that
corresponded to 1°Ne excited states were the  particles. The fact that the latter are very dif cult to
excite (the 15! excited state is at 20.2 MeV) simpli es the energy calibrations done to assign ~ °Ne
excited states energies to peaks in a spectrum.

All spectra used for energy calibrations and angular distributions were one-dimensional spectra
created by rst identifying events corresponding to particles in a two-dimensional energy spec-
trum, setting an off-line coincidence gate for those events (shown by the light-red region in Figure
4.1), and projecting them into the one-dimensional front position 1 (Pos 1) spectrum. As was seen
in Section 3.5 there are 6 different signals coming from the Focal Plane Detector to analyze: front
position (LE and HE), energy loss (  E), back position (LE and HE), and residual energy ( E). By
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Figure 4.1: E vs. Posl two-dimensional spectrum collected at |, = 20 . The bands
correspond (from bottom to top) to events that produced protons, deuterons, 3He, and “He.
The light red region is an off-line gate set to project events within it into the Pos 1 axis.

suitably combining these four signals | was able to produce the following two-dimensional spectra:

i) E vsPosl,ii)Pos?2vsPosl,iii))E vs Pos 1,andiv) E vsE. In particular, | used combination i)
to generate one-dimensional spectra. Figure 4.1 shows a sample two-dimensional spectrum E
vs Pos 1 collected at |, = 20 . The different bands shown correspond (from bottom to top) to
events that produced protons, deuterons, 3He, and “He. A triton ( H) events band was not produced
because they did not hit the detector due to their magnetic rigidity.

The spectra analyzed were generated using the software JAMSwartz et al., 2001] with a custom-
made sort routine to sort the data collected from the detector's signal by the NSCL DAQ.  JANAllowed
us to set off-line software gates to the two-dimensional spectra generated to select only events
coming fromthe  particles band, corresponding to '°Ne excited states, and then project them into
the Pos 1 to generate a one-dimensional spectrum as shown in Figure 4.2. Once the spectra are
generated, | used a modi ed version of the code SpecPlot [Visser, 20094 to simulate the positions
on the focal plane where peaks corresponding to a given reaction product will show up in a position
spectrum. This code requires the spectrograph's magnetic eld, the beam energy, the length of the
focal plane, and kinematic parameters for the reaction of interest. The bottom of Figure 4.3 presents
an example of how this software looks applied to the reaction studied in this work. The top of that
gure shows a front position spectrum at 25 . By aligning the spectrum and the simulated positions
19Ne excited states and background peaks can be identi ed.
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Figure 4.2: One-dimensional spectrum at 20 generated by projecting the gated “He band
eventsinthe E vs. Pos 1 two-dimensional spectrum onto the Pos 1 axis.

4.2.2 Peak tting

Peak tting was done using the code BayeSpec written by Richard Longland  [Longland, 2018]. This
code, given aregion containing a peak, goes channel by channel counting the events and subtracting
a linear background (from a previously user-selected region). From this background subtracted
region, the intensity of the peak is recorded (including Poissonian uncertainties). Then, a center-
of-mass calculation is performed to determine the peak centroid with its uncertainty. Finally, a
Gaussian shape is tto the peak to determine its Full Width at Half Maximum (FWHM). Figure 4.4
shows an example of the use of BayeSpec to an isolated peak. Another very useful feature of this code
is its Bayesian tting routine that uses Bayes' theorem  [Sivia and Skilling, 2006] to t peaks within a
selected area that could contain several of them. Given a tting region, a model consisting of a linear
background and a speci ed number of Gaussian peak shapes (all with common widths) is t to the
data. For all input parameters uninformative Gaussian priors are used with the starting values for
positions and intensities obtained from the user input. This simultaneous t to the data naturally
accounts for any correlations between parameters, for example, background intensity and peak
intensity. The result is a Gaussian t to each of the peaks giving the mentioned parameters for every
one of them. This is particularly useful to extract centroids and counts when two (or more) peaks are
very close to each other, but within the resolution limit of the detector. Figure 4.5 shows an example
of this feature. Note that in this gure there are ve peaks but only one of them is clearly an isolated
peak. The ts produce relatively accurate results that allowed us to obtain the corresponding energy
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Figure 4.3: Example of the spectrograph focal plane simulator. At the top of the gure, a
position spectrum gathered at 25 is shown. The black lines correspond to events produced
using the °Ne target while the red line correspond to events produced using the plain
carbon target that allowed background peaks identi cation. At the bottom of the gure is
the spectrograph simulator output for 25 , indicating the predicted positions of excited
states in the focal plane. The numbers to the left in each line are the energies (in MeV)
of the excited states. The vertical red dashed lines are used to guide the eye to show the
correspondence between the predicted states and the peaks observed in the spectrum.
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Figure 4.4: Fitting of an Isolated peak using BayeSpec. The green line shows the linear
background and the dark red region represents the area under the peak.

and the angular distributions, as will be seen in the following sections.

4.2.3 Focal Plane Calibration

In order to obtain an energy spectrum the channels numbers in the original spectra must be con-
verted into energies. To do this, a calibration channel number vs. energy to the focal plane for
every measured angle was done using the software SPAN(Visser, 20094]. The inputs needed by
this software are the target thickness and stoichiometry, the reaction kinematics, the centroids
channel number of the calibration peaks (with their uncertainty) corresponding to the calibration
excited states, and their reported energy values with their uncertainties. Given these parameters,
SPAN@utomatically calculates the energy loss of the incident particles before reacting with a target
nuclei (taken by default to be at the center of the target), and then for the ejected particle after
the reaction both using the stopping powers from  [Ziegler, 2013]. With these latter energies and
Equation 3.1 SPANG@etermines the curvature radius, , of the particles that correspond to excited
states of the residual nuclei, and hence their positions in the focal plane. Finally, = SPAN@erforms a
linear regression to do a polynomial tto as a function of the channel number as follows:
X .
=apg+ a;.(C Cp), (4.1)

i=1

where N =1 4isthe polynomial degree, a;'s are t parameters, C isthe channel of the centroid of
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Figure 4.5: Peak tting in a region of an energy spectrum. The ts were done using the
Bayesian feature of the BayeSpec code. Note that the background is not shown explicitly in
the gure.

each of the calibration peaks, and Cg is an unweighted mean of the centroids of all of the calibration
peaks. Given a twith  degrees of freedom, the goodness of the tis given by the reduced chi-

2= The closer to unity this quantity is, the better the tis. | decided to perform an internal

square,
calibration 2 using a 2"¢ order polynomial ttrying to reproduce the slightly curved shape of the

focal plane. The procedure to perform the spectra calibrations was as follows:

1. Reviewed most of the literature available from 1995 to 2021 where 1°Ne excited states energy
values were reported with their uncertainties (  [Hackman et al., 2000][Tilley et al., 1995],[Utku et al., 1998],
[Tan et al., 2005], [Nesaraja et al., 2007], [Murphy et al., 2009 ], [Tan et al., 2009], [Dalouzy et al., 2009],
[Laird et al., 2013], [Bardayan et al., 2015], [Bardayan et al., 2017],[Kahl et al., 2019], [Hall et al., 2019]).

2. Performed a weighted average to each set of 1°Ne excited states energies.

3. Looked for peaks corresponding to °Ne excited states that were present, by going through
spectra angle by angle and using our focal plane simulation.

4. Chose calibration peaks, whenever possible, that were outside the region of interest (6-8
MeV).

5. Used SPANC with the selected peaks and the corresponding energies obtained from the
weighted averages as calibration input.

Figure 4.6 shows the residual plots for each angle analyzed. The panels show the residuals
for Set 1 (top) and Set 2 (bottom) angles. The energy values compared with the literature were
obtained using the calibrations from SPANChe literature values are weighted averages done
using the computational code Avetools [MSC. Software Corporation, 2009 ]. This code allows to

2Excited states of the nucleus of interest are used for calibration.
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Figure 4.6: Residual plots for the angles analyzed in Set 1 (top panel) and Set 2 (bottom
panel). The literature values were obtained as explained in the text, while the calibration
energies were obtained using SPANGQhe closest to zero the difference between these two
values is the more accurate the calibration is. The uncertainties used in all plots came either
from the literature weighted average or from the reported value where no weighted average

was possible.
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