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ABSTRACT
INDIRECT NEUTRON-CAPTURE CROSS SECTIONS FOR THE WEAK R-PROCESS
By
Rebecca L. Lewis

Understanding the production of the heaviest elements requires a wealth of information on
the nuclear properties of short-lived nuclei. The rapid neutron capture process (r-process) is
responsible for the majority of the production of the heaviest elements. The r-process utilizes
neutron-capture reactions on heavy, neutron-rich nuclei. The nuclei involved in the r-process
are very neutron-rich, short-lived, and very difficult to produce, so little information is known
about them. The lack of directly measured neutron-capture cross sections has led to the
development of indirect techniques that can be used to reduce the uncertainty in the neutron-
capture cross sections, which can vary by orders of magnitude between different calculations.
The (-Oslo method is one indirect technique which aims to reduce the uncertainty in the
two statistical properties of the nucleus that contribute the largest sources of uncertainty
in the r-process calculations: the nuclear level density (NLD) and 7-ray strength function
(7SF). Both are required to calculate a neutron-capture cross section in the Hauser-Feshbach
statistical framework, along with the neutron optical model. The $-Oslo method utilizes
decay to populate high-energy excited states in the same nucleus that would have been
formed in the neutron-capture reaction of interest. The 7 rays from the de-excitation are
observed in the Summing Nal (SuN) detector to determine the total excitation energy of the
nucleus as well as the y-ray cascade to the ground state. With this information, the NLD and
~vSF can be extracted, after normalization to other data or theoretical calculations. With
experimentally constrained NLD and ~«SF, the overall uncertainty of a neutron-capture cross

section has been showed to be significantly reduced.



The neutron-capture cross sections of four neutron-rich nuclei (3Zn, "%7L72Ni) were
experimentally constrained using the 3-Oslo method. The 73Zn(n, 7)74Zn data was also
used to compare the constrained neutron-capture cross sections obtained from three different
Hauser-Feshbach codes to determine additional sources of systematic uncertainty. The three
Ni reactions were also compared to the %09Ni cross sections that were previously constrained

using the $-Oslo method.
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Chapter 1

Introduction

1.1 Production of heavy elements

There are many pathways to the creation of the elements that we see in the universe. Fusion
of light nuclei can explain how everything up to iron is produced, but that process stalls for
heavier elements as fusion is no longer energetically favorable. To move beyond iron there
needs to be another pathway, one that isn’t hindered by the large Coulomb barrier that
exists between charged particles. Neutron capture processes are the solution. The addition
of a neutron to a heavy nucleus is generally easier than adding a charged particle, so the
production of the majority of the elements above iron proceeds by neutron capture reactions.
There are two main processes for neutron capture in the universe-the slow neutron capture
process (s-process), and the rapid neutron capture process (r-process). As the names imply,
the difference between the two is the timescale on which neutrons are captured by the heavy
nuclei. In the s-process, the neutron density is low and the average time between neutron
captures is longer than the (-decay half-life of the nuclei involved, so they will undergo /3
decay before capturing another neutron. This keeps the isotopes produced by the s-process
close to stability. In the r-process the neutron density is much higher which leads to a higher
rate of neutron captures. Nuclei will therefore capture many neutrons before 3 decaying,

leading to the production of isotopes very far from stability. When the neutron density
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Figure 1.1: Section of the nuclear chart in the Ni region with the known s-process pathway [1]
in the upper left, near stability. A representative r-process pathway has been added to the
very neutron-rich region, though the exact pathway is unknown.

drops, the very neutron-rich nuclei will 5 decay back to stability. The relative locations of
the s-process and r-process in the Ni region can be seen in Fig. 1.1. The r-process path is
only approximate due to the uncertainty of the properties of these very exotic nuclei and the

uncertainty in the astrophysical conditions in which the process could occur.

1.2 The r-process

Most of the observed solar abundances of nuclei are thought to be produced in a combination
of both the s-process and the r-process. The s-process is easier to model, as the stability or
near-stability of the nuclei involved means that there are many direct measurements of the
nuclear properties required for the models, such as masses, S-decay half-lives, and neutron-
capture cross sections. The astrophysical conditions are also generally known. The solar
r-process abundance pattern can be deduced by subtracting the s-process contribution from
the total observed abundance pattern. The resulting r-process residual abundance pattern
has three peaks around A=80, 130, and 195, which correspond to the neutron shell closures

encountered by the very neutron-rich nuclei involved in the r-process.



The astrophysical location of the r-process is of great interest because it helps define
astrophysical conditions. Many locations have been proposed, with supernova and neutron
star mergers emerging as the leading candidates (e.g. see reviews [2,3]). The rate of oc-
currence of supernova events in the universe seems to be consistent with the abundance of
r-process nuclei observed, but modeling such events in multiple dimensions is difficult and
does not always result in the ejection of products into the universe [3]. Neutron star mergers,
which would supply the high density of neutrons needed for an r-process, were until recently
considered less likely than supernova due to their expected low rate of events and longer
evolution time.

The recent observation of the neutron star merger GW170718 [4] was the first confirma-
tion of an r-process location. The light curves detected from the kilonova after the merger
were consistent with the production of lanthanide elements [5,6], indicating that an r-process
had taken place in the merger as the light curves matched those predicted in an event in
which lanthanides would be produced [7]. This exciting observation has not solved the whole
mystery of the r-process, however. There is still much to learn about the astrophysical con-
ditions that do (or do not) support an r-process, and the situation is made more complicated
when the large mass range of nuclei produced is considered. Observations of a number of
r-process-rich stars show a difference between heavy and light r-process elements [2], which
has led to the development of the weak r-process to describe the production of the lighter

r-process elements.

1.2.1 Weak r-process

The stellar observations shown in Fig. 1.2 highlight the difference between light and heavy

r-process abundances. In panel (a), the residual solar s-process elemental abundance pattern,



represented by the blue lines, is compared to observations from different stars (the lines and
data sets have been offset for clarity) [2]. The difference between each data set and the solar
r-process residual abundance pattern is plotted in panel (b). The scatter in the difference
is large for the lightest elements (Z<50) but not for the heavier elements. The scatter is
evident for the lighter elements even when all of the data sets are averaged together, as can
be seen in panel (c¢) with the difference between the average of the observational data sets
and the solar system residual r-process abundance pattern. This indicates that there is a
separate process responsible for at least some of the production of these lighter elements,
which has been investigated as a result of high and low frequency supernovae events (e.g.
Refs. [8-11]), as well as in site-independent scenarios [12]. The best way to narrow down
the set of likely astrophysical conditions to determine the exact set required to produce
the observed abundance pattern would be to model many different conditions and compare
the calculated abundances to the observed abundances. That process is made extremely
difficult due to the large uncertainties in the nuclear physics inputs that are needed for the
calculations, such as masses, 5-decay half-lives, and neutron capture rates.

The neutron capture rates do not have a large impact on the final abundances when the
temperature is high because the neutron capture is in equilibrium with photodisintigration.
When the temperature decreases, or if it never gets high enough, that equilibrium is not
reached and the capture rates become very important for understanding the final abundance

pattern.
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Figure 1.2: (a) Solar residual r-process abundance pattern (blue lines, shifted vertically for
clarity) compared to observed r-process abundances in six r-process-rich stars (also shifted
for clarity). (b) Difference between observed abundance and solar r-process abundance for
each star. (c) Difference between average of all six stars and the solar r-process abundance.
Republished with permission of Annual Reviews from [2]; permission conveyed through Copy-
right Clearance Center, Inc.



1.3 Nuclear physics uncertainties

The impact of uncertainties in nuclear physics inputs on calculated abundance patterns has
been studied in detail for the heavy (main) r-process elements using Monte Carlo simula-
tions [13]. The masses, S-decay half-lives, and neutron capture cross sections over a large
mass range were varied using a probability distribution based on estimates of their theoret-
ical uncertainties, with a new r-process abundance pattern generated each time a value was
changed. The uncertainty in the abundance pattern calculated using three different mass
models (Fig. 1.3) can be very large, especially when considering the current experimental
uncertainty of approximately 500 keV rms compared to known masses (light band). Even
when artificially reducing the rms error to 100 keV (dark band), the uncertainty in the cal-
culated abundance pattern remains large in areas, making it difficult to determine which
mass model best fits the solar abundance pattern. The situation is similar when considering
the current uncertainties in  decay half-lives (estimated to be a factor of ~10) and neutron
capture rates (estimated to be a factor of ~1000), which can be seen in Fig. 1.4. Reduc-
ing the uncertainties in the nuclear physics inputs is the only way to differentiate between
calculations run with different astrophysical conditions.

For weak r-process nuclei, the only detailed study on the impact of uncertain nuclear
physics data is a recent sensitivity study focusing on neutron capture rates [14]. The study
considered a number of astrophysical conditions that produced a weak r-process. The first
set of mass fractions, calculated using reaction rate values from JINA REACLIB v1.0 [15],
were set as the baseline [Xp,serine(A)]. Then the neutron-capture rates of ~300 nuclei were

varied, individually, by a factor of 100. The resulting mass fractions [X (A)] were compared
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Figure 1.3: Solar r-process abundance pattern (black dots) compared to r-process abundance
pattern calculated using three different mass models (model indicated in each panel). The
lighter bands indicate the uncertainty in the calculated abundances with the rms error of the
mass model compared to known masses. The darker bands indicate the uncertainty when
the rms error is reduced to 100 keV. Reprinted from [13] with permission from Elsevier.
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Figure 1.4: (a) Uncertainty in calculated abundance pattern for three different mass models
(model indicated in panel, same as in Fig. 1.3) when considering the uncertainty in -decay

half-lives. (b) Same as (a) but considering the uncertainty in neutron-capture rates instead
of B-decay half-lives. Reprinted from [13] with permission from Elsevier.
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Figure 1.5: Sensitivity study from Ref. [14] of the impact of uncertain neutron capture rates
on the calculated abundances for a weak r-process. Used in accordance with the Creative
Commons Attribution (CC BY) license.

to their corresponding baseline values, and a sensitivity factor F' was calculated, where

=100 x Z | X (A) = Xpaseline(A)]- (1.1)
A

The maximum F’ value over 55 sets of astrophysical conditions is shown in Fig. 1.5. The color
gradient indicates the value of F', with white boxes indicating nuclei that did not have an F’
value greater than 0.5 for more than one set of conditions. Many nuclei have large values of
F', confirming that large uncertainties in neutron capture rates also effects the abundances
calculated for weak r-process nuclei, as was seen as in the heavier r-process nuclei. Reducing
the uncertainties of nuclei with large F values in Fig. 1.5 is a good first step to determine
what astrophysical conditions are needed to produce a weak r-process. The nuclei in this
work have various F factors: "3Zn has a value of 2, while 70:71.72Ni have values of 9, 10, and
8, respectively.

The most straightforward way to reduce the uncertainty in a neutron capture rate is to

directly measure the cross section. To do so generally requires a target of the nucleus of



interest, which is not possible when considering the very short half-lives of nuclei involved
in the weak r-process (seconds or less). Similarly, the short half-life of the neutron makes
a neutron target extremely challenging. Therefore, indirect methods are required to place
experimental constraints on the neutron-capture cross sections (for a review of the recent
developments in indirect methods for neutron-capture cross sections, see Ref. [16]). Many of
these methods rely on the Hauser-Feshbach model of neutron capture to calculate the cross
section and reaction rate using statistical information about the nuclei involved, which can

be constrained using experimental information.

1.4 Hauser-Feshbach model of neutron capture

When directly measuring a neutron-capture cross section is not possible, calculations are
used. The Hauser-Feshbach model of neutron capture utilizes information about the reac-
tion between the target nucleus and neutron (contained in the neutron optical model) and
statistical information about the nucleus formed after the reaction between the target nu-
cleus and the neutron-the nuclear level density (NLD) and v-ray strength function (ySF).
Hauser-Feshbach calculations provide a straightfoward way to determine the cross section
for large numbers of neutron-rich nuclei. The required statistical information, however, can
have large uncertainties, which can lead to large uncertainties in the calculated cross sections.
When possible, it is important to determine the NLD and SF using experimental methods
to constrain the needed inputs. Unfortunately, placing experimental constraints on the NLD
and ySF is currently possible only for select regions of the r-process and weak r-process due
to the difficulty in producing the desired nuclei at experimental facilities. For the majority

of the nuclei involved in both processes, theoretical models of the NLD and ~SF are the only



viable method for calculating neutron-capture cross sections, so the large uncertainties away
from stability are unavoidable. As more experimental information becomes available, even if
it is just only a small subset of nuclei, both the NLD and vSF modeling can be improved to
better represent these properties in regions where experimental data is not available, which

will reduce uncertainties over the whole region involved.

1.4.1 Optical model

The neutron optical model describes the interaction between the target nucleus and the
incoming neutron and has a long history. The target nucleus is assumed to be a uniform black
body and the interaction between the target and neutron is modelled with a single interaction
potential. In general, a spherical optical model potential (OMP) is used for r-process nuclei.
The impact of including deformation has been found to have an minor impact, on the order
of 10%, which is smaller than the other sources of uncertainty when calculating a neutron-
capture cross section [17]. The standard OMP is that of Koning and Delaroche [18], where
the parameters are determined through experimental scattering data when it is available.
When not available, a global paramaterization is used. A semi-microscopic optical model, the
Jeukenne-Lejeune-Mahaux (JLM) model [19] is also commonly used, and generally results
in a neutron-capture cross section that is within 20% of that obtained with the Koning-
Delaroche model. For the nuclei in this work, the Koning and Delaroche OMP was used
with global parameterizations. When considering nuclei far from the neutron drip line, the
uncertainty in the neutron OMP is the smallest source of overall uncertainty in a Hauser-
Feshbach calculation. Instead, the NLD and vSF provide the majority of the uncertainty in

the final cross section calculation.
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1.4.2 NLD models

The NLD also has a long history. The NLD function, p, represents the number of levels

per unit energy, and can be described as a function of excitation energy (E;), spin (J), and

parity (m):

p(Ey, J,m) = N(Ey, J,m)/AEy, (1.2)

where N is the number of levels of the specified spin and parity within the energy range
AFE,;. A total NLD can be produced by a summation over all spins and both parities, but
converting from a spin- and parity-dependent NLD to a total NLD requires information about
the distributions of both spin and parity in a given nucleus. This is particularly important
when an experiment only populates a subset of levels and thus needs to be corrected to
obtain a total NLD. An equal parity distribution is usually assumed, which has been shown
to be valid [20], especially for heavy nuclei. The parity distribution of lighter nuclei, and
those around shell closures, is less certain. The spin distribution is more complicated, as it
is dependent on both the spin and excitation energy [21]. An average overall distribution

function for the dependence of nuclear spin on excitation energy has been written as:

_(J+1/2)

S(Eg, J) ~ 502(Ey)

(1.3)

where 02(Ex) is the so-called spin cut-off parameter. The above approximation is good for J
below 30 [20]. By fitting a set of 310 nuclei and including only levels with experimental spin

assignments, von Egidy and Bucurescu determined a structure-independent paramaterization

11
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Figure 1.6: Spin distributions for different excitation energies from Eq. 1.3 using values for
7n.

of o2 [22]:

o%(Ey) = 0.391A%(E — 0.5Pa")0312, (1.4)

where Pa’ is the deuteron pairing energy, which can be calculated using mass excess values

M(A, Z) for a given nucleus with Z,A as:
1
Pd' = SIM(A+2,Z+1) = 2M(A, Z) + M(A=2,Z - 1)]. (1.5)

The nuclei used in the fit were either stable or very close to stability. An example of the
difference in the spin distribution as the excitation energy changes can be seen in Fig. 1.6.
At lower excitation energies the distribution strongly favors low spins, as is usually seen
in experimentally determined spins at low energy. As the excitation energy increases the
distribution shifts to higher spins. While this general trend is likely to hold, the shape of

the spin distribution is not well known far from stability.

12



The Fermi Gas (FG) model is a well-known model for the NLD. Nucleons, which are
fermions, must obey the Pauli exclusion principle, which requires each nucleon to have a
unique set of quantum numbers. In the lowest energy configuration, the ground state, the
nucleons fill up the lowest energy single-particle states. As excitation energy is added,
nucleons are promoted to higher single-particle states, which determine the excited states
available to the nucleus. With only a small amount of excess energy, there are very few ways
to promote the nucleons, and therefore very few levels per unit energy. With increasing
energy added to the system, there are more configurations available and the density of levels
per unit energy increases. This simple description was utilized by Bethe in 1937 to obtain
an energy-dependent function for the level density [23]:

7762\/ G/Ex

5/4°

L — (1.6)
12a1/2E;

p(Ez)

where F, is the excitation energy of the nucleus and a is the level density parameter. a can
be calculated using the spacing between the single particle states for protons and neutrons
but is normally determined from experimental NLD information when it is available. Global
systematics are used to determine values of a when it can’t be derived from a known NLD.
More recent determinations of a have included an energy dependence that account for the
energy-dependent shell effects that are not assumed in the simple description outlined above
[24].

The assumption that nucleons do not interact within a nucleus is not correct, which
has led to a modification of the FG model. The Back-shifted Fermi Gas (BSFG) model
incorporates the effect of nucleon interactions with a shift parameter A, which takes into

account the separation energy of a pair of nucleons that must be overcome before one can
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be promoted individually [25,26]. The simple incorporation of A does not significantly alter

the FG level density formula:

7T€2 Q(Ex—A>

T 12012(B, — AP/

p(Ex) (1.7)

While A can be calculated as the pairing energy for neutrons and protons [27], both it and
a can also be used as adjustable parameters to reproduce an observed NLD [24].

The FG and BSFG models do not reproduce the NLD at low excitation energies as well as
they do at high excitation energies (above 5-10 MeV) [27]. On the other hand, the Constant
Temperature (CT) model [21] describes the known low energy NLD for many nuclei, with
the simple equation

1
p(Ey) = ?e(Ex*Eo)/T (1.8)

Y

where Eg and T are free parameters found through fitting experimental data. It has become
common to use the CT model at lower excitation energies and connect it to the BSFG model
to describe higher excitation energies (this is one of the methods available for the NLD in the
RIPL-3 database [28], for example). The two models are connected at a matching energy,
which is usually between 10-15 MeV for nuclei near stability [24]. For nuclei with incomplete
low-energy level schemes, the matching energy can be set to 0 MeV and only the BSFG
model is used to describe the NLD [24].

The models described above fit well to experimental data, but they are not based on
detailed structural information that would allow extrapolation far from stability where there
is no experimental data. Microscopic level densities provide the best predictive power, but
the computational challenges that arise when calculating mid- to large-mass nuclei have

limited their application at present. The RIPL-3 database contains level densities calcu-
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lated by Goriely et al. on a Hartree-Fock (HF) basis [29] for energies up to 150 MeV
and spin values up to J=30. More recently, a combined Hartree-Fock-Bogolyubov (HFB)
and combinatorial method [30] provides both spin- and parity-dependent level densities. A
temperature-dependent version has also been published [31]. The fit to experimental data

far from stability is hard to determine, due to the lack of data to compare to.

1.4.3 ~SF models

The v-ray transmission coeflicient, 7 (E,), represents the average probability of a ~y-ray

escaping the volume of the nucleus, and is related to the 7SF, f(£,) through the expression

2L+1
Txp(Ey) = 20ES Y py (), (1.9)
where X is the electromagnetic character (electric E, or magnetic, M) and L is the multi-
polarity. Both 7(Ey) and f(£,) describe the average properties of excited states, and are
related as well to the reverse photoabsorption process. The photoabsorption strength can
be written as the average photoabsorption cross section (o x 1, (FEx)):

1 (oxr(Ef, Jp, ¢, Ey))

?XL(Eﬂ ‘]f’ Tfs E’7> = (2L + 1)(7rhc)2 E§2L+1) !

(1.10)

where Ey is the final energy after the absorption and Jy and 7 are the spin and parity
of the excited states at that energy. The shape of the photoabsorption cross section can
be assumed, through the generalized Brink hypothesis [32,33], to be independent of the
energy at which the system starts, meaning the shape of the photoabsorption cross section

on an excited state is the same as on the ground state. The “upward” strength function
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?XL(Efa Jg,mg, Ey), can be used to describe the “downward” strength function as well
according to the principles of detailed balance. The ySF can be defined in a general way

with the average partial radiative widths (I'x (£;, J;, m;, Ey)) [34],

\ra <FXL(E'7‘]'77T'7E )>p(E’J77T)
fxp(E, Ji,mi, By) = : ZE(lQLle) L (1.11)
Y

where FE; is the initial excitation energy bin of levels with spin J; and parity 7;, and a level
density of p(E;, J;,m;). The connection between the ySF and the photoabsorption cross
section has allowed the vSF to be described as a low-energy extension of the Giant Dipole
Resonance (GDR), a well-studied feature of the photoabsorption cross section of stable nuclei
seen at high excitation energies (around 15-20 MeV). There is generally more data on the
GDR shape than on the low-energy 7SF shape, so models of the vSF have utilized the
connection. This relationship also allows for a connection between the vSF and the lifetime
of a state to be made—a small vSF value has a small partial width, which indicates a longer
lifetime for that state, and vice versa.

The Standard Lorentzian (SLO) shape fits the GDR very well, so it has been used to
represent the vSF in many cases. The SLO function was developed by Brink and Axel [32,33]

and is characterized by the strength (ox7 ), energy (Ex,), and width (I'x7) of the giant

resonance:
2
oxrElxp
fxi(Ey) = Kxr, : (1.12)
(B3 = B% L) + BTk
where the constant Ky is:
1
(1.13)

Kxr = .
XL (2L + 1)w2h?c2
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This shape has been used extensively for E1 radiation as well as M1 and E2, and even higher
multipolarities when needed. E1 radiation is by far the most commonly used for the vSF
due to the prevalence of the GDR across the nuclear chart. Currently, the SLO function is
usually reserved for M1 and E2 radiation, as the Generalized Lorentzian (GLO) shape has
been found to better represent the E1 shape [35].

The GLO function is based on the SLO function, but with a temperature-dependent limit
that is non-zero for the lowest v-ray energies. It was developed by Kopecky and Uhl [35]
in response to the realization that the low-energy shape of the ySF can impact a neutron-
capture cross section calculation (e.g. see Ref. [36]). The GLO form differs most significantly
at low v-ray energies (shown in Fig. 1.7, parameters detailed in Table 1.1), where data is
more limited, but the change in shape was enough to bring calculated neutron-capture cross
sections into agreement with measured values. The GLO is also described by the strength

(cg1), energy (Fgq), and width (I'gq) of the giant resonance, and has the form:

E\Tp1(Ey) 0.77 g1 472 T?

(E% - E%QQ + E%fEl(Ev)Q E]353

fEL(Ey, T) = K ( JopiTpr,  (1.14)

where:
E2 + 477>

1.15)
7 ; (
By

T'p1(Ey) =gy

and T was originally meant to represent the Fermi Gas nuclear temperature, approximated
by T =~ \/m. As with the BSFG and CT models, where A, a, Ey, and T" are parameters
that can be adjusted to match a known NLD, 7" in the GLO function is often used as a free
parameter when fitting measured v, n data [24].

As with the NLD, microscopic models are desired for predicting the shape of the ySF

far from stability. The quasi-particle random-phase approximation (QRPA) model has been
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Figure 1.7: Comparison of the shape of the SLO and GLO models used to describe the SF.

Table 1.1: GLO and SLO E1 default parameters for “4Zn in TALYS used to generate the
functions shown in Fig. 1.7.

Ep; (MeV) 17.485
opy (mb) 133.069
Tpp (MeV) 6.144
T (GLO only) 0.7
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incorporated into both HF [37] and HFB [38] models to build excited states. Hauser-Feshbach
codes such as TALYS [39,40] will often provide tabulated values from these microscopic
calculations as another option for the ySF.

In the last 15 years, experimental data at low 7-ray energies have shown an “upbend”,
where the strength increases as the y-ray energy decreases, with a minimum usually around
2-4 MeV. Seen first in Fe isotopes [41], it has also been observed in many other nuclei
(e.g. [42-48]). It is unclear if the strength is of magnetic or electric type, though current
efforts to incorporate it into neutron-capture cross section calculations have used an M1
description. A recent Compton-polarization experiment of the 56Fe(p,p’) reaction using

GRETINA [49] indicated the upbend may have a small bias towards magnetic transitions [50].

1.5 Indirect techniques

Indirect methods to constrain neutron-capture cross sections of short-lived nuclei rely on
constraining at least one of the two major contributors to the uncertainty in a Hauser-
Feshbach calculation—the NLD and «SF. There are four major indirect techniques currently
being used: the Oslo method [51-54], the 8-Oslo method [55], the surrogate method [56],
and the ySF method [57,58]. The Oslo and surrogate methods both utilize charged particle
reactions to populate the same compound nucleus that would be formed in the neutron-
capture reaction of interest, followed by observing the decay. This limits both methods to
nuclei near stability due to the high beam rates needed for such experiments. The ~SF
method relies on measuring (7y,n) reactions to determine the inverse (n,7y) cross section,
which requires stable targets and again limits the method to nuclei very close to stability. The

B-Oslo method utilizes the 5 decay of neutron-rich nuclei to populate the nucleus that would
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be formed in a neutron capture reaction, which allows for its application much further from
stability. It is still limited by the statistical framework of the Hauser-Feshbach calculation,
however, and cannot be applied to nuclei with low NLD (less than 10 levels per excitation
energy bin at the neutron separation energy, Sp) or small Qg values (below 3 MeV in the

A~T70 region in order to populate a high enough NLD).

1.6 Dissertation outline

The results for experimentally constrained neutron-capture cross sections and reaction rates
for four neutron-rich nuclei are presented. In Chapter 2 the details of two experiments carried
out at the National Superconducting Cyclotron Laboratory (NSCL) are described, along with
information about the detectors that were used. The §-Oslo method is described in Chapter
3 using the extraction of the NLD and ~SF for "Zn as an example. The calculation of
the neutron-capture cross section and reaction rate for the "3Zn(n,y)"Zn reaction using the
experimentally-constrained NLD and «SF is also included. Chapter 4 contains a comparison
of different Hauser-Feshbach codes, again using the 73Zn(n,7)74Zn reaction as an example.
The step-by-step extraction of the NLD and ~SF for "17273Nj using the 8-Oslo method is
described in Chapter 5. The subsequent calculation of the cross section and reaction rates
for the 70’71’72Ni(n,7)71’72’73Ni reactions, as well as a comparison of the NLD, ~SF, and
cross sections with lighter Ni isotopes can be found in Chapter 6. Finally, conclusions are

presented in Chapter 7 and an outlook of future work is provided.
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Chapter 2

Experimental Setup

2.1 NSCL experiment 14505

The first experiment, number e14505, was carried out in February 2014 at the NSCL. A
primary beam of 36Kr was accelerated to 140 MeV /u through the Coupled Cyclotron Facility
and impinged on a 376 mg/cm2 thick Be target. The fragments were separated in the A1900
fragment separator [59] and ~10 isotopes were delivered to the end station in the S2 vault,
centered on "1Co. A 60 mg/cm? Al wedge was used in the Image 2 (I2) position, with a
0.5% momentum acceptance. The experimental setup consisted of the Summing Nal (SuN)
detector [60] to detect S-delayed 7 rays, with a Si double-sided strip detector (DSSD) in
the center of SuN for ion implantation. A Si surface barrier detector was placed behind the
DSSD for veto events, and two Si PIN detectors were placed upstream of SuN. The ions were
identified using the energy loss in the PIN detectors and the time-of-flight (TOF) between
a thin scintillator at the focal plane of the A1900 and the PIN detectors. A total of 557,331

ions of "Cu were delivered to the setup.

2.1.1 Summing Nal (SuN) detector

SuN consists of 8 optically-isolated segments of Nal surrounding a small (1.8 in) borehole.

It is 16 inches in diameter and 16 inches long. Each segment is read out by three PMTs, and
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Table 2.1: Final voltages and scaling factors after gain matching the SuN PMTs for e14505
using the 40K background peak. All voltages are positive.

PMT Voltage Scaling PMT Voltage Scaling
Number (V) Factor Number (V) Factor
0 730 1.0920 12 835 1.0866
1 740 1.0000 13 820 1.0000
2 780 1.1099 14 821 1.0995
3 e 1.1302 15 831 1.0959
4 771 1.0000 16 865 1.0000
S 764 1.1195 17 824 1.1033
6 794 1.1148 18 889 1.1467
7 803 1.0000 19 853 1.0000
8 812 1.1316 20 831 1.1131
9 838 1.0949 21 909 1.0796
10 824 1.0000 22 930 1.0000
11 848 1.0993 23 892 1.1026

the signals of all three PMTs are added together to get the total signal in a segment. SuN
is used for total absorption spectroscopy (TAS) due to its large volume and high efficiency
(85(2)% for the 662 keV transitions in the decay of 137Cs, for example). The total signal
from all eight segments can be summed to determine the full energy deposited in the detector
from all the ~ rays in a cascade that occur within 200 ns, while an individual segment can
be used to determine the energy of individual ~ ray in the cascade. The sum peak in SuN is
a measure of the excitation energy of the daughter nucleus after 5 decay.

The 24 PMTs needed to be gain matched, which was done in two steps. First, the voltages

of the PMTs were adjusted until the 1460 keV peak from the decay of naturally occurring
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Table 2.2: Calibration values for SuN segments in e14505.

Segment Number Calibration Scale  Calibration Intercept
0 0.4193 -16.02
1 0.4195 -15.95
2 0.4113 -14.95
3 0.4260 -16.50
4 0.4191 -16.41
5 0.4216 -17.93
6 0.4046 -16.20
7 0.4172 - 14.74

40K was roughly in the same channel number in the software across all the PMTs. The
second step was done in software, where a scaling factor was applied so that the 1460 keV
peak was centered at exactly the same channel number. The 40 background peak was used
because the v rays were external to the detector. The PMT signals in a single segment will
be different depending on where in the segment the v ray is detected—the largest signal will
be from the PMT closest to the interaction. The final PMT voltages and scaling factors are
given in Table 2.1. Once the PMTs were gain matched, the three PMTs in a single segment
could be summed together. The segments were then energy calibrated using a 99Co source
and a 137Cs source. The resulting calibration factors are contained in Table 2.2. For this
experiment a linear calibration was used. The excitation energy was obtained by summing

the calibrated segments.
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2.1.2 Double-sided silicon strip detector

The central implantation detector was a small, 2.54 x 2.54 cm?, 1 mm-thick DSSD. The
DSSD consisted of two sets of 16 strips, one on each side of the detector, and perpendicular
to each other. The location of an event was defined by the intersection of the strips on the
front and back of the detector that recorded the highest energy depostion. Two gain ranges
were used to differentiate between the implantation of an ion, which deposited 1000s of MeV
in the DSSD, and (-decay electrons, which deposited tens of keV.

The DSSD strips were gain matched in both gain ranges. The high gain (used for detect-
ing [-decay electrons) was gain matched using the 5.423 MeV particles from a 228Th source.
The response of each strip was scaled so that the peak was centered in the same channel.
The low gain (used for detecting implanted ions) could not be gain matched until after the
experiment started because standard sources do not produce « radition with high enough
energies for the low gain range (in the thousands of MeV). The maximum energy peak from
ion deposition in the DSSD was used, and was scaled for each strip so that the peak was
centered in the same channel. The high gain and low gain scaling factors for each strip are

given in Table 2.3, and are very similar as expected.

2.2 NSCL experiment €16505

A second experiment, number e16505, was carried out in September 2017 at the NSCL to
expand on the data collected in experiment el14505, with an emphasis on the § decay of
more neutron-rich Co isotopes. A primary beam of 45pnA of 82Se was accelerated to 140
MeV /u through the Coupled Cyclotron Facility and impinged on a 470 mg/ cm? thick Be

target. The fragments were separated in the A1900 fragment separator [59] and a cocktail
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Table 2.3: Scaling factors for gain matching the front and back strips of the DSSD in e14505.

Factor Factor Factor Factor
0 0.752 1.035 0 1.102 1.191
1 0.818 1.067 1 0.962 1.099
2 0.762 1.044 2 0.952 1.054
3 0.863 0.998 3 0.978 1.089
4 0.786 0.955 4 0.986 1.125
5 0.773 0.997 5 1.087 1.092
6 0.823 1.015 6 1.000 1.152
7 0.758 0.993 7 0.933 1.094
8 0.742 0.972 8 0.973 1.083
9 0.765 0.923 9 1.025 1.139
10 0.772 1.027 10 0.965 1.092
11 0.781 0.981 11 1.008 1.102
12 0.774 0.964 12 1.007 1.132
13 0.804 0.992 13 0.966 1.104
14 0.564 0.932 14 0.996 1.149
15 0.814 0.981 15 0.973 1.135
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Table 2.4: Final voltages and scaling factors after gain matching the SuN PMTs for e16505
using the 40K background peak. All voltages are positive.

PMT Voltage Scaling PMT Voltage Scaling
Number (V) Factor Number (V) Factor
0 736 0.9685 12 839 0.9866
1 745 0.9873 13 821 0.9779
2 793 1.0391 14 836 0.9403
3 781 1.0354 15 833 0.9354
4 776 0.9648 16 869 0.9900
3 766 1.0052 17 828 0.9612
6 802 0.9993 18 893 1.0010
7 807 1.0082 19 852 0.9458
8 816 1.0364 20 833 0.9294
9 843 1.0444 21 908 0.9321
10 825 1.0186 22 929 0.9762
11 851 1.0613 23 891 0.9332

beam of ~35 isotopes was delivered to the end station in the S2 vault, centered on "1Fe. A
20 mg/ cm? kapton wedge was used in the I2 position, with a full 5% momentum acceptance.
The experimental setup was the same as for 14505, except that the TOF was determined
between a position-sensitive scintillator in the 12 position and the PIN detectors upstream
of SuN. The more neutron-rich beam was able to produce more exotic fragments for the

measurement.
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Table 2.5: y-rays used for calibrating SulN segments in e16505.

Energy (keV) Calibration Source
59.5409(1) [61] 241 A
569.698(2) [62] 207B;4
661.657(3) [63] 137¢g
1063.656(3) [62] 207R;4
1173.228(3) [64] 60Co
1332.492(4) [64] 60¢Co
2614.511(10) [65] 20871 (228Th source)

2.2.1 SuN calibration

The voltages for each PMT used in e16505, as well as the scaling factors needed for the
gain matching, are shown in Table 2.4. The segments were then energy calibrated using the
~v-rays listed in Table 2.5. A linear calibration fit was found to represent the data as well
as a second-order polynomial, and can be seen in Fig. 2.1 for each segment. The calibrated
segment energies were added together to get the TAS energy with no additional calibration

required.

2.2.2 DSSD gain matching

The DSSD high gain was gain matched using four 228Th peaks (5.423, 5.685, 6.288, 6.778
MeV) and a 241 Am peak (5.486 MeV). Each peak was scaled to match the channel number
on strip 7 for both the front and the back sets. The average scaling factor from the five
peaks was used. The signals of low gain were gain matched after the experiment started by

applying a scaling factor to each stip so the maximum energy peak was located in the same
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Figure 2.1: Calibration for each SuN segment in €16505 using the ~-rays listed in Table 2.5.
Each panel is labeled with the segment number.

channel number of the peak of strip 7 on the front and back. The high gain and low gain
scaling factors for each strip are detailed in Table 2.6. The results of the gain matching for
the high gain (decays) can be seen in Fig. 2.2, while the results of the gain matching for the

low gain (ions) can be seen in Fig. 2.3.

2.3 Correlation of implants and decays

The separated ions of interest were delivered to the experimental station and came to rest
inside the DSSD. A short time later a given ion would undergo  decay. The signal from the
[B-decay electron was correlated with the previously implanted ion based on both time and
the position within the detector by requiring that the ion and the decay were detected in
either the same pixel or a 3x3 pixel window surrounding the decay (see Fig. 2.4). The choice
of pixel field has to be chosen carefully based on the arrival rate of ions in the experiment.

The higher the rate, the more difficult it becomes to accurately correlate ions and decays due
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Table 2.6: Scaling factors for gain matching the DSSD in e16505.

Factor Factor Factor Factor
0 1.104 1.002 0 1.067 1.176
1 0.969 1.002 1 1.025 0.998
2 0.932 1.041 2 1.007 0.947
3 1.162 0.994 3 1.004 1.185
4 1.081 0.982 4 1.057 1.031
5 1.023 0.974 5 1.030 1.045
6 1.980 0.999 6 1.074 1.100
7 1.000 1.000 7 1.000 1.000
8 0.997 1.010 8 1.017 1.085
9 1.001 0.975 9 1.050 1.094
10 1.292 1.037 10 1.011 1.043
11 1.151 0.979 11 1.050 1.066
12 1.087 1.058 12 1.058 1.141
13 0.956 0.937 13 1.035 1.067
14 1.008 1.132 14 1.066 1.113
15 1.000 0.899 15 1.018 1.046
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Figure 2.2: Gain matching the front (top) and back (bottom) of the DSSD high gain setting
in €16505. The strip number is shown versus the channel number, and the five alpha peaks
from a 228Th source can be seen. A single scaling factor was obtained for each strip to align
the peak energies. For both the front and back, the left panel shows the strip responses
before gain matching, while the right panel shows the strip responses after gain matching
with the five peaks seen in the same channels for each strip.
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Figure 2.3: Gain matching the front (top) and back (bottom) of the DSSD low gain setting
in €16505. The strip number is shown versus the channel number, as in Fig. 2.2. A source
could not be used due to the gain range, so gain matching was performed using the maximum
energy peak from ions during the experiment. The last strip on the front of the DSSD (strip
15) was not working during the experiment. As in Fig. 2.2, the left panels show the strip
responses before gain matching, while the left panels show the strip responses after gain
matching, with the maximum energy peak occuring in the same channels for all strips.
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Figure 2.4: Model of a 5x5 DSSD, which can be read as 25 pixels. In this example, the
decay (the black circle) was detected in the central pixel (the highest energy deposition was
in the center strips on both the front and back). Two correlation pixel fields are possible for
this decay. The first is the same pixel, shown here as the light green box where the decay
is located. The second is a 3x3 field surrounding the decay pixel, shown here by the dark
green box (and including the light green box). The white boxes are the remaining pixels
that would not be considered in either correlation.

to random coincidences, so a single pixel correlation is preferred. For low rate experiments
(~50 particles per second or less when using the small DSSD in SuN), the time between ion
implantations in a single pixel can become long enough that using a 3x3 pixel field becomes
more useful. In experiment number e16505, for example, the average rate of ions per pixel
was 0.1/second, while the half-lives of the isotopes of interest were in the tens of ms. This
allowed for a 3x3 pixel field to be used, as the average rate of ions within that field was still
less than 1/second.

The correlation time window that can be used depends on the half-life of the nucleus of
interest and the implantation rate on the detector (which was kept to below 100 pps in both
experiments). The window needs to be long enough that the chance of seeing the decay is
high, but not so long that the chance of another ion arriving within the pixel window is high.

A good rule of thumb is to use a correlation window that is 2-3 times the half-life of the
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Figure 2.5: Organization of correlation logic (see text for details).

nucleus of interest with the low implantation rate used. With longer correlation windows the
rate of random correlations increases. For "4Cu, which has a half-life of 1.63(5) seconds [66],
a correlation time of 5 seconds was used. A 150 ms correlation time was used for the three
Co isotopes due to their shorter half-lives: 80(3) ms [67] for "1Co, 59.9(17) ms [68] for "2Co,
and 42(3) ms [69] for 3Co.

Figure 2.5 will be used to describe the correlation logic. In this example it is assumed that
the ions and their decays are located in the same pixel in the detector. Ions are represented
by squares, while decays are represented by diamonds. In panel (a), an ion A is detected

in the DSSD, followed some time later by a decay Al and then another decay A2. The
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analysis of event proceeds forward in time, so the ion, along with the location and time of
its detection, are saved. When the analysis reaches decay A1, a correlation is searched for.
A correlation window (shown as the light blue bar) is opened to look backwards in time for
an ion that arrived in that pixel that could be the source of the decay. Ion A, which falls
within the correlation window, is then correlated to decay Al. The same procedure occurs
when the analysis reaches decay A2, and is shown with the dark blue bar. Therefore, ion A
has two decays correlated to it, which could correspond to the parent and daughter decay.
In panel (b), the situation is made more complicated with the addition of another ion, B,
that is implanted before ion A, along with its decay B1. When the analysis reaches decay
B1, the correlation window (the lightest blue bar) is long enough that ion B is correlated
to it. This correlation does not affect the correlation of ion A to decays Al and A2, which
proceeds as described in panel (a). Panel (c¢) adds another layer of complexity with the
detection of ion C immediately after ion B. The decay from ion C does not happen to be
detected. In this scenario, both ions B and C are saved, and when the correlation window is
opened by the decay B1, both ions are within the window. The correlation is done between
the decay and the ion closest in time to it, so decay B1 would be correlated to ion C, which
would be incorrect. To help prevent these types of miscorrelations, a minimum time window
between ions is enforced in the correlator. This concept can be seen in panel (d), which
has the same ion and decay scheme as panel (c). The correlation of ion A, which was not
affected by ion C in panel (c), now has an extra step to complete before the correlation is
finalized. Decay Al is correlated to ion A due to the correlation window, but then another
window is opened, which starts with the detection of ion A and is the same length as the
correlator window. This window, shown as the dark green bar, does not encounter another

ion, so the correlation between ion A and decay Al can proceed, as well as between ion A
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and decay A2. The correlation of decay B1 does not proceed the same way. Decay Bl is
correlated to ion C as in panel (c), but when the new window is opened from ion C (the light
green bar), ion B is within the window. That means that decay B1 could be from ion B or
ion C, so the correlation is halted and decay B1 is not correlated to an ion. To obtain the
random correlation background, the correlation procedure is done backwards in time. For
this procedure, the exact same correlation as in Fig. 2.5 is performed, but the time arrow
is reversed [70]. The backwards in time procedure should take into account truly random
correlations, including decays from longer-lived isotopes in the DSSD.

The window that opens to prevent a decay from being correlated to an ion that is too close
in time to another ion is referred to as the “minimum implantation window”. The minimum
implantation window is set to be the same length as the correlation window to ensure there
is only one ion present in the correlation window. The longer the correlation window, the
longer the minimum implantation window and the higher the chance of there being another
ion in the window, which lowers the number of successful correlations. Therefore, shorter
correlation windows are preferred. There are less correlations in the first 150 ms of a 5 sec
correlation than there are in the full 150 ms of a 150 ms correlation due to the minimum
implantation window, as the number of decays that are not correlated to ions increases (see

Chapter 5 for values for the decay of "1.7273Co).
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Chapter 3

£-0slo Method

The (£-Oslo method [55] builds on the established Oslo method [51-54] for extracting the
NLD and ~SF of a nucleus by populating highly excited states and detecting the subsequent
~-ray emission. The main difference to the Oslo method is that § decay is used to populate
highly excited states instead of charged particle reactions. Populating the nucleus of interest
through (3 decay allows for experimental information about the NLD and ~«SF to be extracted
further from stability than other indirect methods, but is limited by the g-decay selection
rules and Q values. The ~-rays that are detected are used to experimentally constrain those
statistical properties so that they can be used to infer a neutron-capture cross section. The
method is generally restricted to nuclei that have large S-decay @ values and a high NLD
around Sy, (see Introduction for general limits). The details of the 5-Oslo method will be
explained in detail using the 3 decay of "*Cu, which was used to extract the NLD and vSF
of ™7Zn in order to reduce the uncertainty in the 73Zn(n,’y)74Zn reaction cross section. The

analysis contains four main steps:
1. Unfolding of the raw 2D matrix of y-rays observed in SuN for a given ion.

2. Extraction of the primary ~-ray matrix. These are the first v rays to be emitted from

a level in a cascade to the ground state.

36



3. Simultaneous extraction of the functional forms of the NLD and T (Ey) (see eq. 1.9

for translation of 7 (E-) to vSF).
4. Normalization of NLD and ~SF.

Each step will be described in detail below. Fig. 3.1 is a flow chart that indicates the steps
required for the analysis, including the physics information required. The MAMA code [71]
handles the unfolding and primary extraction, which requires information about the response
of the v-ray detector. The other codes are responsible for the NLD and vSF normalization,
and information such as the level density at the neutron separation energy [p(Sy,)], the low-
energy levels, and the spin of the target nucleus in the neutron-capture reaction of interest

are all required.

3.1 Populating highly excited states through S decay

The 5-Oslo method utilizes 5 decay to populate highly excited states of the nucleus of interest
(the neutron-capture product, *Zn in this example) as indicated schematically in Fig. 3.2.
Not every [-decaying nucleus is amenable to the [-Oslo method. The most important
consideration is that the Q-value of the decay is large enough to produce statistical y-ray
decay in the daughter. Generally, Q-values of at least 4 MeV are preferred, with larger
values providing a larger probability that there will be decays going through the statistical
region (roughly above 2-3 MeV [72]). While not necessary, it is preferred that the Q-value is
close to or even slightly above the neutron separation energy of the daughter nucleus so that
the full excitation energy range can be accessed by 3 decay and ~-ray transitions. It is also

assumed that only Gamow-Teller transitions are observed, as they will dominate and Fermi
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Figure 3.2: Schematic of the population of excited states in the same compound nucleus
through both g decay and neutron capture for the example of using "coup decay to populate
the ™7Zn nucleus that would be formed in a neutron-capture reaction on 737n. The relative
energies of each ground state are to scale.

transitions will populate isobaric analog states that would not be accessible by a neutron
capture experiment.

The ~-ray energy (E,) and excitation energy (E;) spectra in SuN for the 3 decay of
"Cu are shown in Fig. 3.3. The level most strongly fed by 8 decay, at 605.9 keV (Iﬁ =
30(3)% [66]) is clear, as is a set of levels between 2800-3000 keV that are also strongly fed
(combined Ig = 31% [66]). The strongest y-ray transition of 605.9 keV is clear as well.
Both the E, and E; spectra are consistent with the literature on the 3 decay of "Cu. The
Q-value of the 8 decay of ™Cu is 9.751 MeV, while "Zn has a S, of 8.235 MeV. The raw
E; versus £y matrix for the decay of "(Cu is shown in Fig. 3.4. This is the starting point

for the 5-Oslo analysis.
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Figure 3.3: SuN spectra showing the y-ray energies, E- (top), and excitation energies, E,
(bottom), from the decay of "*Cu.

40



10 — 10°

9 I

8 i

— 10

s o z
s s T
wi 4 7

3 — 10

2

1

0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1

0 1 2 3 4 5 6 7 8 9 10

E, (MeV)
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3.2 Unfolding

The v-ray energies in the raw matrix were obtained from individual segments in SuN. While
the efficiency of detecting the total energy of a «y ray in the full volume of SuN is high (over
80% for a 1 MeV + ray), the efficiency of detecting the full energy in just one segment is
lower, at around 40% for a 1 MeV « ray. To account for this, the E, spectrum has to be
unfolded. The response function of the detector, which is a measure of the response to 7 rays
of varying energies, was constructed using the GEANT4 simulation code [73]. An iterative
unfolding procedure was then used to determine the full 4-ray energies from the raw data
collected, as described in Ref. [51].

The iterative method relies on folding trial ~-ray spectra with the response matrix and
altering the trial spectrum until the folded spectrum matches the experimental data. Letting

f represent the folded spectrum, u represent the trial spectrum, and R the response function
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matrix (the full energy of the v ray as a function of the energy deposited in the detector),

the folding procedure can be represented as [51]:

[ =Ru, (3.1)

which is compared to the observed spectrum r.

The observed spectrum is taken to be uY, the first trial function. The first folded spectrum
fo is calculated using Eq. 3.1 and compared to the observed spectrum. The next trial
function becomes the sum of the original trial function and the difference between the first

folded spectrum and the observed spectrum [51]:

ul =l + (r = f0). (3.2)

This procedure is repeated, generating new trial functions at each step, until the folded
spectrum f” matches the observed spectrum within the experimental uncertainties, based
on a X2 test.

Only the four central segments of SuN were unfolded due to the large volume of the
detector and the observation that very few v rays deposit energy in the outer four segments.

The unfolding procedure described resulted in the unfolded matrix shown in Fig. 3.5 for

7.

3.3 Extraction of primary ~ rays

Primary v rays are those that are emitted first in a cascade from any excited state. For

this analysis, the primary matrix should contain only these v rays. To achieve this, the
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Figure 3.5: Unfolded £ vs. Ey matrix for the 8 decay of o

~ rays that follow the first in a cascade must be subtracted. The procedure, as described
in Ref. [52], is based on the assumption that the v-ray emission probability from a given
excited state is the same if the level is populated directly by 8 decay or by a ~ transition
from a higher excited state. Therefore, the unfolded spectra f; are composed of all the
possible v rays decaying from excited states within the excitation energy bin ¢. The spectra
[j<i contain the same ~-ray transitions except for the first y-rays emitted from bin 4, so the

primary v-ray distribution h; for each bin ¢ is estimated by

where g; is the sum of all spectra, weighted by w;;, which represents the probability of the

decay from bin 7 to states in bin j (normalized so that 3, w;; = 1)

gi = Y nijwij fj (3.4)
J
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Figure 3.6: Primary E; vs. Ey matrix for the 8 decay of Cu.

and requires information about the average y-ray multiplicity (M;) and the number of counts
in spectrum f;, A(f;), so that

= e (3.5)

g can be thought of as the probability distribution [P(E;, 2y)] that describes the probability
that a y-ray of a given energy will be emitted from a given excited state. The ~-ray spectra
at lower excitation energy bins are subtracted from the bin of interest, leaving only the
primary ~-rays. This is done at each excitation energy. The primary matrix obtained for

™71 is shown in Fig. 3.6.

3.4 Functional forms of the NLD and +SF

The NLD and ~-ray transmission coefficient [T (£,)] are extracted simultaneously from the

primary matrix. The probability that a v ray of a given energy will be emitted from a
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given excited state can be related to the NLD and T (E), ignoring the nuclear spin for the

moment, as:

P(E, Ey) o< p(E — Ey)T (Ey) (3.6)

where T (E-) can be converted to the ySF using the equation

T(Ey)

3 )
E7

1

which is the same as Eq. 1.9 for the specific case of a dipole transition. This relationship
assumes that the NLD and 7 are independent functions. The other major assumption at
this stage is that T is independent of the excitation energy at which is it extracted, which
has been shown to be valid in 238Np [72].

The primary matrix needs to be normalized so that the y-ray energies in each excitation
energy bin sum to 1 for it to represent a normalized probability. The NLD and T (£,)
extracted from the primary matrix are functional forms which satisfy the following equations

[53]:

pE — By) = AcE=E), (3.8)

T(Ey) = Be*, (3.9)

where the A, B, and « parameters are determined in the normalization procedure. The
NLD (determined at the excitation energy of the nucleus after emission of a 7 ray of energy

E.) and T(Ey) are extracted simultaneously from a region of the E;, E, matrix that is
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statistical. The region is chosen to exclude strong transitions (such as from the first excited
state to the ground state) and low excitation energies, so that the - emission proceeds
through statistical rules instead of being dominated by strong transitions. The E, upper
limit of the range accounts for the energy of the first excited state in the §-delayed neutron
daughter, so that y-rays from that nucleus are not included. The extraction region for "7n

is indicated by the black outline in the primary matrix in Fig. 3.6.

3.5 Normalization of NLD and +SF

The functional forms of the NLD and vSF need to be normalized to determine A, B, and «.
Three pieces of information are needed for the normalization. Typically, the known levels
at low excitation energies and the level density at the neutron separation energy [p(Sy)]
are used to determine A and «. B is usually determined using information from the GDR.
Nuclei accessible in §-decay experiments have at least some known low-energy levels, but
for short-lived nuclei there is little experimental information to determine p(Sy) and the
absolute ySF. Instead, they need to be obtained through systematics from nearby nuclei or
theoretical calculations.

In the traditional Oslo method, p(Sy,) is calculated from the average s-wave level spacing
at the neutron separation energy (Dg). Dy is the inverse of the NLD at p(Sy,) for levels that
would be populated in neutron capture-that is, levels that have +1/2 spin compared to the
ground state of the capturing nucleus. This value can be obtained using neutron capture
experiments on the nucleus of interest, which is again not possible for short-lived nuclei. The
value of B, the magnitude of the ySF, is calculated using the average radiative width at the

neutron separation energy, I'y. I'y can also be determined in neutron capture experiments
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and suffers from the same restrictions. Theoretical calculations or systematics need to be
used when Dy and I', values are not available. In the $-Oslo method, the p(Sy) value is
obtained from theoretical NLD calculations, while the magnitude of the ySF is determined

using high-energy ~SF information from nearby nuclei.

3.5.1 NLD

For the NLD normalization performed in this work all of the known low-energy levels in
"7n were used, and the p(Sy) value was determined from theoretical calculations. The
procedure for relating the calculated NLD to experimental information was described in
Ref. [30], and involved using the cumulative levels calculated from the theoretical NLD.
They were compared to the known cumulative levels, and the calculated levels were shifted
in excitation energy to match the known levels. The known cumulative levels can be seen
compared to the calculated cumulative levels in Fig. 3.7. The best E, shift value of 0.4 £+
0.2 MeV was determined from a y? minimization between the known levels and calculated
levels in the 2 to 3.25 MeV range. The results of the y2 distribution can be seen in Fig. 3.8.

Once the excitation energy shifts was determined, it was also applied to the theoretical
level density. With a shift of 0.4 & 0.2 MeV the level density calculated at 3 MeV would
need to be shifted to 3.4 MeV for the middle value, 3.2 MeV for the upper value, and 3.6
MeV for the lower value. The lower and upper designations refer to the new p(Sy,) value
compared to the middle value—a larger shift moves a lower level density value to a higher
excitation energy, therefore producing a lower p(Sy,) value. At higher excitation energies the
NLD has an exponential increase, which should be the same for all three shifted data sets.

Using a simple exponential fit of the form
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Table 3.1: Parameters used in exponential fit of Eq. 3.10 to shifted calculated NLD for "4Zn

and the resulting p(Sy,) values.

Shift Value Constant (a) Slope (b) p(Sn)
0.2 MeV 1.7(2) 1.00(2) 6360(130)
0.4 MeV 1.4(2) 1.00(2) 5200(120)
0.6 MeV 1.1(2) 1.00(2) 4230(100)
y = ae’, (3.10)

where a is the constant and b is the slope, the shifted theoretical NLD values produced p(Sp,)

values of 4230 MeV 1, 5200 MeV~!, and 6360 MeV~! at the S, of 8.235(3) MeV [66]. The

parameters are detailed in Table 3.1 and the fits are shown in Fig. 3.9.
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A number of assumptions are contained within the NLD normalization. The parity
distribution is assumed to be roughly equal at all excitation energies and spins, which is
likely valid for heavy nuclei but may be less valid for lighter nuclei or those near closed
shells. It is also assumed that the populated spin distribution from [ decay is the same at
all excitation energies, and the distribution at S, is used from theory calculations, which
are also assumed to be correct. Finally, the calculated NLD from theory is assumed to have
the correct shape, as only the E, dependence is altered to match the known levels, but the
slope is not.

With both the known low-energy levels and p(Sy,), the NLD could be normalized. This
was done through a simultaneous fit of the experimental NLD to the low-energy levels and
to a CT model extrapolated from the p(Sy) value. The parameters for the Constant Tem-
perature model were determined through the fit. This provided both the A and « values in
the NLD functional form, as well as « in the functional form of the vSF (see eq. 3.8 and
3.9). The normalized NLD is shown in Fig. 3.10, with the known levels and shifted Goriely

NLD that were used for the normalization.

3.5.2 Limited spin population

The NLD is also a function of angular momentum, or nuclear spin. A limited range of spins
is populated by the §-decay process, which needs to be taken into account in this analysis.
The ground state of *Cu is 2~ [74], which would populate spins of 17, 27, and 37 in an
allowed [ decay. After one dipole transition, the spins populated would be in the range of
0 to 4, of both parities. The primary v rays observed in a §-Oslo experiment are restricted
to that spin range, which impacts the normalization of the ySF. Because o was determined

in the NLD normalization, the p(S),) value and the known levels have to be reduced based
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Figure 3.10: Nuclear level density for *Zn showing the experimental data (black circles)
as well as upper and lower limits (red squares, blue triangles), known levels from NNDC
(solid black line), and level density calculated in Ref. [30] (solid blue line). Dashed blue lines
indicate uncertainties on the shift of the calculated level density.
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ground state of "*Cu is 27 [75].

on the expected spin population to determine « for the yvSF normalization. To determine
the reduction, the spin- and parity-dependent theoretical NLD from Goriely [30] was once
again used. The percentage of the total NLD around the neutron separation energy for each
spin was calculated (see Fig. 3.11), and the percentage that fell within the spin range of
interest, highlighted in blue in the figure, was determined. For ™70, 48% of the NLD fell
within the spin range 0-4, leading to reduced p(Sy) values of 2040 MeV ™! 2510 MeV~!,
and 3070 MeV—L. The known levels at low FE, used in the normalization with the reduced
p(Sp) were also reduced to include only levels are assigned spins that fall within the spin
range of interest, which resulted in a reduction of 20%. The normalization parameters were

similar between the full and reduced NLD, which was expected.
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3.5.3 7SF

With the « value set by the NLD normalization (using the reduced normalization values),
only the value of B was unknown. The «SF of nearby nuclei at high energies was used for
the vSF normalization. For 7*Zn, photoabsorption data for 0Zn and "76Ge was used [76].

The v, n cross section can be converted into a vSF using the equation

o2

VSE(MeV™3) = W (3.11)

where o is the photoabsorption cross section of the nucleus of interest.

The photoabsorption cross section is generally measured above the neutron separation
energy of the nucleus, so it must be fit and extrapolated to lower energies to be used for
normalization of the experimental ySF, which does not go above S,. A GLO function
[35] describes the shape of the ySF at high excitation energies very well, and has been
traditionally used to estimate the low-energy shape of the vSF (see Section 1.4.3). Each
available v,n data set was fit with a GLO function, and the resulting average function
was extrapolated to lower excitation energies where it overlapped with the experimental
7SF data. The parameters for the GLO functions (one for each data set) are detailed in
Table 3.2, along with the average values. A y2 minimization was performed to match the
experimental vSF to the average from the GDR fits from 4 to 7 MeV to determine B. The
normalized vSF, along with the v,n data and GLO function extrapolations, are shown in

Fig. 3.12. The green band in the figure indicates the uncertainty in the SulN data.
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Figure 3.12: Gamma strength function for *Zn showing the experimental data (black cir-
cles), experimental data for 0Zn and "76Ge from Ref. [76] (blue squares, triangles, and
diamonds), and the GLO fit to that data and extrapolation to lower energies (blue solid,
dashed, and dot-dashed lines). The last 15 points of the experimental ySF were used to
minimize the distance between the experimental ySF and the extrapolations of the (y,n)
data sets. The green band indicates the combined statistical and systematic uncertainty of
the SulN data.
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Table 3.2: GDR parameters from GLO fits to experimental data from Ref. [76]. Eg; is the
energy of the giant resonance, I'; is the width, and o gy is the strength. A value of 0.7 for
T'r in the GLO function was adopted for all three data sets.

Nucleus Ep (MeV) opp (mb) T'g; (MeV)
071 17.64(6) 97(1) 9.9(2)
MGe 17.86(10) 95(1) 12.4(4)
6Ge 17.64(9) 101(1) 11.2(4)
Average 17.71(7) 98(1) 11.2(3)

3.6 Cross section and reaction rate calculation

The NLD and ~«SF obtained using the 5-Oslo method technique were input into a Hauser-
Feshbach reaction code to obtain the neutron-capture cross section. Previous $-Oslo results
have been based on the TALYS reaction code [39,40], and for consistency this choice was
retained for the 73Zn(n,v)74Zn reaction, as well as the Ni isotopes that form the basis of
this work. TALYS v. 1.6 was used in all cases. A discussion on the differences among a
select set of Hauser-Feshbach codes can be found in Chapter 4.

TALYS offers a lot of flexibility for describing both a NLD and 7SF, which makes it easy
to ensure the NLD and 7SF that are used in the calculation represent the experimental data
well. The NLD was input in a tabular form generated from a CT model fit to the experimental
data, which assumed an equal parity distribution. The ySF was represented as an E1 GLO
combined with an exponential function for the upbend. The GDR parameters used in the
GLO+exponential fit for the 771 data were the average values from the parameters in Table
3.2, which were used to normalize the 7vSF. The parameters for the upbend were allowed to

vary to best fit the upper, middle, and lower vSFs, and the results are detailed in Table 3.3.
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Table 3.3: Parameters for the upbend added to the GLO to describe the experimental ySF
of ™7n.

FExperimental data set Exponential Exponential

constant slope
Lower limit 1E-7 -14
Middle 1E-7 -1.6
Upper limit 1E-7 -1.9

The GDR parameters were added to the input file for the calculation, but the exponential
upbend was added directly to the source code.

The resulting 3Zn(n, 7)74Zn neutron-capture cross section and reaction rate are shown
in Fig. 3.13. For both, the light band is the range in values due to all combinations of NLD
and ySF models shown in Table 3.4, which is a subset of the NLD and vSF models available
in TALYS, using default parameters. In v. 1.6 there are six NLD models and five ySF models
available. One of the NLD models (temperature-dependent Hartree-Fock-Bogolyubov using
the Gogny force [31]) and one of the vSF models (SLO [32,33]) were not used in this work due
to systematic disagreements with known data (see Ref. [77]), leaving five NLD and models
and four vSF models. The neutron energy range chosen for the cross section (10 keV to 1
MeV) corresponds to likely weak r-process temperatures [14]. The temperature range shown
in the reaction rate figure, however, is set by TALYS and can not be changed. The range
(0.1 to 10 GK) corresponds to higher neutron energies of ~4-40 MeV (these are the most
probable energies in the Maxwell-Boltzman distribution). The dark band is the range in
values with the inclusion of the experimentally-constrained NLD and «SF functions. The

uncertainty in the neutron-capture cross section was reduced from a factor of 5 (maximum)
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Table 3.4: Subset of NLD and vSF models available in TALYS used to determine the un-
certainty in the cross section and reaction rate of neutron-rich nuclei.

NLD models ~vSF models

CT+BSFG [21] Kopecky-Uhl GLO [35]

BSFG [21,78] Hartree-Fock BCS + QRPA [37]
: . Hartree-Fock-Bogolyubov +

Generalized super fluid model [79] QRPA [38]

Hartree Fock using Skyrme force [29] Modified Lorentzian [80]

Hartree-Fock-Bogoliubov (Skyrme force) + combina-
torial method [30]

to less than a factor of 2, while the uncertainty in the reaction rate was reduced from a factor

of 11 (maximum) to less than a factor of 2.
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Figure 3.13: (Top) Cross section for the "3Zn(n,y)#Zn reaction calculated in TALYS. The
lighter band shows the variation in the cross section resulting from combinations of the
available NLD and ~SF options in TALYS. The darker band shows the uncertainty in the
cross section when using the experimental NLD and «SF. (Bottom) Astrophysical reaction
rate calculated by TALYS. The lighter and darker bands are the same as for the cross section
calculation.
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Chapter 4

Code Comparison

4.1 Hauser-Feshbach codes

There are many codes available to perform Hauser-Feshbach neutron-capture calculations.
Some of the most commonly used codes for astrophysical calculations are TALYS [39, 40],
EMPIRE [81], NON-SMOKER [82,83], and CoH [84]. These codes utilize various forms of
the NLD and ~SF of short-lived, neutron-rich nuclei, which can lead to differences in how
the NLD and ySF' are represented in the codes. The uncertainty in both the NLD and ~SF
increase when moving away from stability [85,86] for reasons discussed in the last chapter
that is reflected in model differences for short-lived, neutron-rich nuclei, leading to large
uncertainties in the calculated neutron-capture cross section even within one code (such as
the large uncertainties in TALYS described in Chapters 3 and 6). In addition, the agree-
ment between codes is not guaranteed. There have been previous attempts to determine the
discrepancy between cross sections calculated by different codes for both stable nuclei [87]
and fissionable nuclei [88]. One study with stable nuclei compared the neutron-capture rates
calculated using four Hauser-Feshbach codes — TALYS, NON-SMOKER, CIGAR, and SAP-
PHIRE [89] — and found that variations in the model parameters among the codes resulted in
factors of 2-3 difference at 30 keV even with the same model parameters [87]. Another study

that focused on fissionable nuclei (33U and 239Pu) compared TALYS, EMPIRE, CoH, and
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CCONE [90] (CCONE was developed specifically for actinides). By requiring all the param-
eters to be the same across the four codes, the authors were able to obtain neutron-induced
fission cross sections and neutron inelastic cross sections for both nuclei that matched within
10%. This result is very promising, but does point to the amount of work that is required
to make sure all of the parameters are consistent. Both studies used nuclei with well-known
nuclear data, so here a new comparison of Hauser-Feshbach codes was performed to de-
termine the uncertainty in the neutron-capture cross section calculated for a short-lived,
neutron-rich, and only partially-studied nucleus, 737n due to code differences.
Understanding the scale of the uncertainty inherent in the choice of Hauser-Feshbach
code is particularly important when utilizing indirect methods to obtain experimentally-
constrained NLD and ySFs. The shape of each function, especially the ySF, may not conform
exactly to the model that is used in a particular code (the NLD is usually described by the
CT or BSFG models and is less likely to vary strongly between codes). Learning how to
run a Hauser-Feshbach code with experimental data involves determining what models are
available, learning how to adjust the parameters, and understanding how the experimental
NLD or +SF is manipulated between when it it included and when it is used in the neutron
capture calculation. Checking model predictions between different codes is cumbersome
and thus unlikely to be performed for every nucleus with an experimentally-constrained
NLD and ~vSF. However, the potential variation among codes results in an additional source
of uncertainty in the neutron-capture cross sections obtained using indirect methods that
should be acknowledged. For the 73Zn(n, 7)74Zn reaction, the neutron-capture cross sections
calculated by different codes differed by almost an order of magnitude,and could be reduced
to a difference of about 10% only after requiring that the NLD, «SF, and level information

were exactly the same.
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4.2 Calculation with default settings

First, the neutron-capture cross section was calculated using the default settings for each
code in a “black box” calculation. This involved running the Hauser-Feshbach neutron-
capture calculation with only the minimum of inputs, such as the target nucleus (73Zn)
and neutron energies (0.01 MeV to 1 MeV). The three codes have different models of the
NLD and ~SF as the default. The TALYS default for the NLD is a CT+FG model [21]
with a matching energy of 0 due to the small number of known levels in “4Zn. CoH uses
the BSFG model for the NLD, while EMPIRE has employed a generalized superfluid model
(GSM) [79] that has been renormalized to discrete levels and Sy, information specifically for
the EMPIRE code. For the vSF, TALYS uses a GLO function for E1 radiation and SLO
functions for all other multipolarities. CoH does the same, but restricts y-ray emission to L
= 1 transitions. EMPIRE uses a modified Lorentzian function (MLO), where the width of
the GDR is determined using a semi-empirical expression [91]. The default NLD and ~SF
assumptions used in each code can be seen compared to the experimental values in Fig. 4.1.
For tables of the default NLD and ~SF, see Appendix A.

The resulting cross sections, shown in Fig. 4.2, show how different the results can be.
Different models for the NLD and ~«SF affect both the shape and magnitude of the neutron-
capture cross section as a function of neutron energy, and variations among models can be

an order of magnitude.

4.3 Calculation with experimental data constraints

Tests of the impact of using the same NLD and vSF in each code were performed utilizing the

experimentally-constrained NLD and 7SF described in Chapter 3 for "7n. The NLD was
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Figure 4.1: (Top) Default NLD for ™7n in TALYS, CoH, and EMPIRE compared to the
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method.
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Figure 4.3: Experimental vSF for 74Zn fit with an E1 GLO function plus an M1 SLO upbend.

fit with the CT model described in Chapter 3 to generate a table in the format appropriate
for each code. In all cases, an equal parity distribution was assumed. The ySF had more
limitations, particularly in CoH. The only model available for E1 radiation in CoH is a GLO
function, and an M1 SLO function can be added to represent the upbend component. Due to
this limitation, the experimental ySF was fit with a combination of an E1 GLO and an M1
SLO function. When incorporating the experimental ySF into TALY'S for the calculation in
Chapter 3, an exponential function was used to represent the low-energy upbend, which was
incorporated directly into the source code. Direct modification of the source code for CoH
and EMPIRE to incorporate the shape of the experimental vSF was more complicated and
not pursued. The parameters used in the GLO+SLO fit are given in Table 4.1, while the fit
to the experimental vSF is shown in Fig. 4.3.

With the addition of the experimental NLD and SF, the results from the three cal-
culations were closer, as shown in the top panel of Fig. 4.4. The major difference among

them was the shape as a function of neutron energy—at ~200 keV the TALYS calculation
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Table 4.1: GLO E1 parameters and SLO M1 parameters used to fit the experimental ySF.

Epp (MeV) 17.7(1)

o1 (mb) 98(2)

T (MeV) 11.2(6)
Ea1 (MeV) 4.63 x 1077 (500)
oy (mb) 39(9)

Ty (MeV) 0.096(88)

decreased, while the EMPIRE and CoH calculations did not. The scale of these differences
can also be seen in the bottom panel of Fig. 4.4, where the percentage deviation of EMPIRE
and CoH from TALYS is shown. At low neutron energies, the CoH calculation was very
close to TALYS, and even the EMPIRE calculation differed by less than 50%. At ~200
keV, however, the deviation jumped to almost 200% for both. The TALYS cross section was
chosen as the comparison model due to its unique shape at this step. The deviation at ~200
keV can be explained by the first excited state of 3Zn at 195.5(2) keV [92]. If the level
was used in the code for neutron inelastic scattering on '3Zn then the neutron-capture cross
section would decrease at 195.5 keV. The decrease in the cross section calculated in TALY'S
indicated that inelastic scattering was present. In both CoH and EMPIRE, however, the
level was not contributing to inelastic scattering. An investigation of the 371 levels being
in each code found that EMPIRE does not assign the 195.5 keV level a spin or parity, while
CoH does but considers it a poorly known level, so it is not used in the calculation (see Table
4.2).

It is important to note that while the NLD is the same as used in the TALY'S calculation
in Chapter 3, the ySF is represented differently due to code restrictions. Therefore, the

neutron-capture cross sections from TALYS in Fig. 3.13 and Fig. 4.4 are not comparable.
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4.4 Final calculation

The details of the level energies and spin/parity assignments used in each code, as well as
the suggested values in RIPL-3, are detailed in Tables 4.2 and 4.3. For consistency, most
levels were given the spin/parity assignments used TALYS, which had the most complete
assignments. When there is no suggested spin/parity assignment in RIPL-3, TALY'S assigns
a spin and parity based on statistical rules. Two assignments were changed from the original
TALYS assignment-the 37 for the 1418.56 keV level was changed to 4T due to an updated
ENSDF evaluation in 2017 that suggested a 47 assignment from Coulomb excitation [93],
while the 5~ for the 2148.2 keV level was changed to 2% due to the suggested values of (1,
27) in RIPL-3. CoH in particular needed to have levels “turned on” for use. The results
for the cross section calculations after the level assignments were adjusted are shown in
Fig. 4.5. At this point the results from the three codes agreed very well, with EMPIRE
about 10% above the TALYS and CoH calculations. This small discrepancy was due to
the different methods for describing the width-fluctuation corrections (WFC). The WFC
accounts for the correlation between the incident and exit channels in elastic scattering,
and affects the neutron-capture cross section through the elastic scattering component of
the neutron-nucleus interaction. CoH uses a WFC described in [94] based on the Moldauer
approach [95] that is used in TALYS, so they are very similar. EMPIRE uses the HRTW
(Hofmann, Richert, Teppel, and Weidenmoller) approach, which has been shown to produce
different neutron-capture cross sections than the Moldauer formulation at the 10% level
[96,97].

In summary, it is possible to obtain similar neutron-capture cross sections for a neutron-

rich nucleus with different Hauser-Fesbach codes when the differences in input and model
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Table 4.2: "37Zn level energies, spins, and parities including the values assigned in TALYS,
CoH, and EMPIRE, as well as the RIPL-3 suggested levels and the values used in the
final comparison.

371 level Suggested [Jinal TALYS CoH EMPIRE
energy (keV) Slgll{lllgir;;y Spllil/s };zrlty spin/parity spin/parity spin/parity

0 (1/27) 1/2- 1/2- 1/2- 1/2-

195.5 @b (5/27) 5/2F 5/27F 3/27F none
307.2 @ (5/2) 5/2F 5/2F none none
337 @ none 3/27F 3/27F 3/2” none
449.6 @ (3/27) 3/27 3/27 none none
502.2 &b (5/2) 5/27 5/27 none none
1124 @ (5/2) 5/2~ 5/27 none none
2008.9 2P (5/2) 5/27 5/2° none none

& Level not used by CoH.
b Level not used by EMPIRE.

assumptions are removed. The difficulty in verifying that all the inputs, and the NLD and
~vSF models, are the same is large, however, and the situation is made even more complicated
by any limitations in structure information for such short-lived nuclei. The calculated cross
sections are sensitive to the spins and parities of excited states in both the neutron-capture
compound nucleus and the target nucleus. If those values are not known, they need to either
be determined from theory or the level is disregarded completely (which is not physical),
changing the resulting cross section calculation. The overall uncertainty in a neutron-capture
cross section, even when constrained using experimental data from an indirect method, is
therefore larger by some amount due to the choice of Hauser-Feshbach code used. For this
case, the “black box” calculations deviated by up to 80%, which is not an insignificant source

of uncertainty.
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Table 4.3: ™7n level energies, spins, and parities including the values assigned in TALY'S,
CoH, and EMPIRE, as well as the RIPL-3 suggested levels and the values used in the
final comparison.

T4z level S‘.lggeSt‘?S | F/inal . TALYS CoH  EMPIRE
energy (keV) Slg;g)fg)y SPHLSEZH y spin/parity spin/parity spin/parity
0 0F 0" 0F 0F 0"
605.9 2t 2t 27t 2t 27t
1418.56 & (0F, 4T) 4+ 3t none 0t
1670.25 (21) 2+ 2+ 2+ 2+
1788.9 @ none 1+ 1" none 0F
2099.23 @ none 4= 4~ none 0t
2148.2 2 (1, 2%) 2t 5 none 0t
2353.6 none 3T 3t none 0t
2551.88 b none 1T 1T none none
2657.6 none 6~ 6~ none none
2698 ab none 1t 4= none none
2809.04 &b none 2" 2= none none
2904.73 none 37 3 none none
2969.3 @b none 1~ 1~ none none
2985.9 @ none 7t 7t none none
3063.9 2 none 2- 2- none none
3067 ab none 5% 5% none none
3571 @b none 37 3 none none
4562.4 & none 4+ 4+ none none
4861.8 @b none 1~ 1~ none none
4896.8 2P none 2t 2t none none
5628 ab none 0~ 0~ none none

& Level not used by CoH.
b Level not used by EMPIRE.
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Chapter 5

Analysis of Co Decays

The B decay of three neutron-rich Co isotopes (71,72,73) was studied using the [-Oslo
method to extract the NLD and ySF of the corresponding daughter isotopes. Details of the
analysis, including the method for obtaining the particle identification as well as the 5-Oslo

analysis is presented.

5.1 Particle identification

The uncorrected particle identification plot (PID) is shown in Fig. 5.1. The energy loss
was measured in an upstream PIN detector, while the time-of-flight (TOF) was measured
between the 12 scintillator and the PIN detector. The momentum acceptance of the A1900
was set to 5%, which led to the broad distributions in TOF for each isotope. A second,
smaller distribution was present at smaller TOF (approximately 2 ns) for each isotope. The
smaller distribution was present in all experimentally recorded TOF signals, and was likely
due to a trigger issue with the 12 scintillator used for the TOF. The identity of the isotopes
with the shifted TOF were verified using known v rays, which confirmed that each isotope
delivered was observed at two separate TOF. A 2D gate was placed around each elemental
band in an uncorrected PID that used the sum of the energy deposition in both PIN detectors
(PIN1 + PIN2) instead of dE in a single PIN detector. The increased separation between

the distributions when using the summed PIN energy can be seen in Fig. 5.2, which also
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Figure 5.1: PID with uncorrected PIN energy versus uncorrected time-of-flight (determined
between the 12 scintillator and a PIN detector).

contains the gates that were used to select only the major distribution. Approximately 10%
of the data fell outside of the gates shown.

The remaining analysis utilized only the data within the gates shown in Fig. 5.2. Even
after taking a cleaner cut of data, there were still multiple distributions as a function of 12
scintillator position, which can be seen as “wings” around the main distribution in Fig. 5.3.
The position of the ion in the I2 scintillator was determined by taking the time difference
between the signals from the two PMTs on either side of the scintillator. Only about 10% of
the data was located outside of the main distribution, so a cut on the 12 position was used
to remove the extra events. The location of the main distribution in the 12 position was
slightly different for each element band, so a 2D gate was placed on the PIN energy versus

I2 position spectrum (also shown in Fig. 5.3).
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5.1.1 12 position corrections

The fragment beam is dispersed according to momentum at 12 and the TOF is correlated
with position. When the slits are open to a momentum acceptance of 5%, the TOF of the
ions needs to be corrected based on the location of the ion in the 12 scintillator in order to
improve the PID because an ion that hits one side of the 12 scintillator has a lower velocity
through the A1900 than if the same ion hit the opposite side. A correction to the TOF was
applied so that the TOF of each isotope was independent of the position in the I2 scintillator.
The difference between the uncorrected and corrected TOF for the Co isotopes can be seen
in Fig. 5.4. In each figure, the TOF is plotted against the position in the 12 scintillator. The
uncorrected TOF figure (top) also shows multiple distributions in the I2 position, while the
corrected TOF figure (bottom) has the 12 position gate from Fig. 5.3 applied, so only the
main distribution is present. The bands retain a slight curvature but the major dependence
was removed.

The TOF was not the only parameter that needed to be corrected to improve the PID.
The energy deposited in the PIN detectors was also dependent on the 12 position, which can
be seen for the Co isotopes in the top panel of Fig. 5.5. The corrected dE of the Co isotopes
for PIN1, plotted against the 12 position, is shown in the bottom panel of Fig. 5.5, with the
12 position gate applied. Figure 5.6 shows the final PID used in the analysis, and also has
the "172.73Co isotopes used in this work highlighted. The number of ions of each nucleus

delivered to the end station is given in Table 5.1.
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gates (Fig. 5.2) as well as 12 position gate (Fig. 5.3) applied.

Table 5.1: Number of ions of each isotope delivered to S2 in e16505. Number was determined
after the PID corrections but before the application of the correlator software.

Isotope  Number of Ions | Isotope  Number of Ions | Isotope  Number of Tons
64y 154 T0e 203990 TANj 697393
65y 1463 "Fe 36073 T5Ni 326142
66Cy 3371 e 3579 T6Nj 28828
67y 474 T3Fe 88 TTNj 1396
G5\ n 176 0¢o 13930 BCu 1587
66\ n 2074 1o 605035 60y 277236
67N 41383 2Co 633027 Cu 707004
68\ 33136 Co 247223 Cu 33693
69\ 8555 ™o 18051 MCu 2558
0Mn 526 Co 827 87n 637
68 e 13999 72Ni 295 7n 18799
69e 203581 T3Nj 98246 807n 934
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Figure 5.7: Known level scheme for the 8 decay of LCo. All -ray intensities are relative to
the 566.8 keV transition.

5.2 " Co decay

The half-life of "' Co is known to be 80(3) ms [67], so a correlation time of 150 ms was
used. The decay curve for 'Co was obtained from the time difference between correlated
ions and decays, and includes contributions from the parent (“'Co) decay, daughter ("1Ni)
decay (t/=2.56 s [67]), and random correlations. The SuN spectra (both 7 rays and
TAS) contained all of these components, and the contribution from the daughter decays and
random correlations needed to be removed to leave only v rays from the decay of the parent.
By fitting the full decay curve with a combination of all of the components, the number of
daughter decays and random correlations was determined and could be removed, which is
described in detail in this section.

The apparent half-life of the daughter “'Ni was calculated because of a long-lived isomeric
state at 499 keV. The isomer half-life, 2.3(3) s [98], is the same as the ground state half-life of

2.56(3) s [67] within uncertainties. Decays from both states were expected in the experiment,
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as both the 1065 keV level and a corresponding level at 566 keV (detected when the 1095 keV
level de-excited to the 499 keV [-decaying isomeric state) were observed (see level scheme
in Fig.5.7). By fitting the TAS peaks at 1065 keV and 566 keV it was determined that
19(1)% of the "INi decays were from the ground state, leading to an effective " Ni half-
life of 2.3(4) seconds. The daughter half-life was fixed in the fitting procedure using the
calculated value, as was the decay constant of the exponential background. The shape of the
background was obtained from the backwards correlation by fitting the decay curve with a
simple exponential function to extract the decay constant, which was used to fix the decay
constant of the background component in the forward correlation. The half-life of the parent
as well as the magnitude of the exponential background were left as free parameters in the
fit.

The measured decay curve is shown in Fig. 5.8 as the black histogram, while the blue
histogram represents the decay curve from the backwards correlation. The blue dotted
line is the fit to the backwards correlator decay curve, which was used to set the decay
constant of the background. The black line describes the combined fit to the decay curve,
including the parent decay (red dot-dash line), the daughter decay (green dash line), and the
background component (gold dot-dash line). From this fit, the parent half-life was extracted
and compared to the known half-life. For "1 Co, the extracted half-life of 84(7) ms matched
the known half-life of 80(3) ms [67]. The number of parent decays, daughter decays, and
background counts (random correlations) in the 150 ms correlation window could also be
obtained. These values are important for understanding how much of the daughter and
background was contained in the raw SulN spectra, and therefore how much needed to be
removed. The relevant values, including the number of counts in the decay curve from the

backwards correlation, are given in Table 5.2.
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Figure 5.8: Full decay curve fit for the decay of "1 Co including the parent contribution (red
dot-dash line), daughter contribution (green dotted line), and background contribution (gold
dot-dash line). The black histogram is the full decay curve from the data, with the total
fit (combination of parent, daughter, and background) shown with the black solid line. The
shape of the background contribution was determined using a correlation backwards in time,
shown as the blue histogram. The blue dashed line fit to the backwards correlation set the
background contribution shape, and the magnitude was allowed to vary to determine the

blue dot-dash line.

Table 5.2: Results of decay curve fit for "1Co decay using a 150 ms correlation time (see Fig.

5.8).
Number of parent decays 157210(920)
Number of daughter decays 3954(18)
Number of random correlations 171070(150)
Number of events in backwards correlation 221190(36)
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Figure 5.9: Long correlation time decay curve fit for the decay of 1Co. The green band
shows the time region used to remove the daughter contribution to the SulN spectra. The
parent and daughter decay constants were set from the fit shown in Fig. 5.8. The background
component was determined the same way as in Fig. 5.8.

Table 5.3: Results of decay curve fit for "LCo decay using a 5 sec correlation time (see Fig.
5.9).

Number of daughter decays in subtraction region 3960(170)

Number of random correlations in subtraction region 50954(99)
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A representative spectrum including the daughter and background ~-ray events was re-
moved from the SuN spectra (segments and TAS) based on spectra from a time window
where only daughter decays were occurring. To find such a time window, a longer correla-
tion time was used—5 seconds instead of 150 ms. At long decay times the "*Ni decays are
expected to dominate the spectra. The decay curve from the 5 sec correlator, including all
the components, can be seen in Fig. 5.9. The same fitting procedure was used for the longer
correlator, with the daughter half-life set to the known value, the parent half-life set to the
value obtained using the 150 ms correlator, and the background decay constant set by fitting
the backwards in time correlation in the 5 sec correlator. Between 1000 ms and 1484 ms
the same number of "INi decays, 3960(170), occurred as with the 150 ms correlation time.
A much longer time was needed to see the same number of decays because of the longer
minimum implantation time, which resulted in a lower correlation efficiency (see Section
2.3). There was also background in that time window due to random correlations (see Ta-
ble 5.3). After removing the daughter decays, 120100(100) background counts were left to
be removed in the 150 ms correlation. The reverse time correlation was used to represent
that background, scaled to the total number of counts that needed to be removed. The
reverse time correlation had 221190(36) counts, while only 120100(100) counts needed to be
removed. The backwards correlation was scaled appropriately to remove the correct amount
of background remaining in the spectra.

The segments and TAS spectra for "'Co are shown in Fig. 5.10. In each, the black
histogram shows the raw SuN spectrum, the blue shows the scaled SuN spectrum from the
backwards correlation, and the green shows the daughter contribution from the later time
window. The red is the parent contribution, obtained by subtracting the blue and green

spectra from the raw (black line) spectrum.
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Figure 5.10: (Top) "1Co SuN 4-ray spectrum showing the raw spectrum (black), daughter
decay contribution (green), background contribution (blue), and parent decay contribution
(red). The labeled peaks are strong transitions, and are described in the text. (Bottom)
TAS spectrum for the same decay, with strongly fed levels labeled and described in the text.
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The strongest -delayed ~-ray transition following the decay of " Co into "'Ni is known
to be 566.8 keV [A], with a relative intensity of 100%. That peak was clearly observed in the
parent segments spectrum, followed by the 774.4 keV transition [B] (I, = 35%) and the 280.5
keV transition [C] (Iy = 22%). Another v ray was seen at 1273 keV [D], which corresponds
to the de-excitation of the 1273.4 keV level directly to the ground state, and has not been
seen in the literature. The [-decay feedings for the decay of "1Co are not well known, but
the 1065.4 keV level [E] is the most populated. It de-excites to the long-lived isomer at 499
keV, as well as through a weaker branch that bypasses the isomer, so peaks at both 1065
keV and 566 keV [F] are seen in the TAS spectrum. The 1273.4 keV level [G], along with

the 774 keV peak arising from transitions to the isomeric state [H] were clearly seen as well.

5.2.1 [-Oslo matrices

The ($-Oslo matrix, with the total excitation energy, E,, on the y-axis and the energy of
a single « ray, Ey, on the x-axis, was obtained by taking the experimental spectrum and
subtracting the daughter and background contributions (the starting matrix, as well as those
with the daughter component and background component can be seen in Appendix B). The
raw 2D matrix was then unfolded to remove the detector response and the primary v spectra
were obtained following the procedure described in Chapter 3. The raw matrix can be seen in
Fig. 5.11, with 200-keV wide bins on both axes. The matrix was rebinned to 600 keV before
unfolding in an attempt to mitigate the impact of the isomeric state in "'Ni by combining
each set of levels offset by 499 keV. The unfolded matrix can be seen in Fig. 5.12. The
region of the primary matrix used to extract the NLD and 4SF is highlighted in Fig. 5.13,
and was restricted to Ey > 1000 keV and E, € (2400, 4800) keV. The upper E; limit was

set above the p(Sp) of TINi, which is 4.264(3) MeV [67]. The first excited state of "ONi has

84



— l'__-._-l' o= E
[ [] -
10000 s '!-_;',:- .
— | 3
S 8000 510
q) —
) _
>
o2
& 6000
S 102
[
S
T 4000
S
x
m 10
2000
= |
-
O|III|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII 1

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Gamma energy (keV)

Figure 5.11: Raw 2D Oslo matrix for the decay of "1Co into excited states of "!Ni. The ~-ray
energies obtained from the segments of SuN are plotted on the x-axis, while the excitation
energy of the daughter nucleus, obtained from the total energy in the detector, is plotted on
the y-axis.

an energy of 1259.55(5) keV [99], which allowed for the upper E,; limit to be increased to
slightly above p(Sy,) without the possibility of contamination of 7 rays from the S-delayed

neutron daughter.

5.2.2 NLD normalization

As described in Chapter 3, the p(.S;,) value was determined using cumulative levels calculated
by Goriely [30] and shifted in excitation energy to match the known low energy levels. There
are 5 excited states known in "'Co, all below 1.3 MeV. The known levels are all from [-

decay experiments, so the calculated cumulative level distribution was reduced to include
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Figure 5.12: Unfolded 2D matrix for 'Ni with 600 keV binning on both axis.
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Figure 5.13: Primary 2D matrix for "INi with 600 keV binning on both axis. The extraction
region used for the NLD and ~SF is outlined by the black lines.
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Table 5.4: Parameters used in exponential fit to shifted calculated NLD.

Shift Value Constant Slope p(Sy) (MeV~1)
0 MeV 3.8(14) 1.02(7) 300(150)
0.25 MeV 3.0(12) 1.02(7) 230(120)
0.5 MeV 2.3(9) 1.02(7) 178(92)

only those with spins populated following an allowed 8 decay from the tentatively assigned
(7/27) ground state of "'Co and one dipole transition, leading to a range of spins from 3/2
to 11/2. The ¥2 minimization result for the shifting of the reduced calculated cumulative
levels is shown in Fig. 5.14. The second-order polynomial fit resulted in a best shift value
of 0.25 £ 0.25 MeV. The reduced theoretical cumulative level distribution corresponding
to the best shift, as well as the upper and lower limit shifts of 0 MeV and 0.50 MeV are
shown in Fig. 5.15, compared to the known cumulative levels. The large uncertainty was
due to the small number of known levels in "'Ni. The shifted NLD around Sn, was fit with
an exponential function to determine the value of p(Sy). The shifted calculated NLD are
shown in Fig. 5.16, with the S, of "'Ni (4.264 MeV) shown in comparison to the energy
range used in the fit to extract the p(Sy) values. Due to the low S;, of "'Ni, the calculated
NLD was fit mostly above S),, where it was more exponential in shape. The fit results are
detailed in Table 5.4, and resulted in lower, middle, and upper values of p(Sy) of 178(92),
230(120), and 300(150) MeV ™!, respectively.

The only information known about "'Ni comes from S-decay experiments, so a full NLD
could not be obtained due to the lack of known levels at low energies. Instead, the known
levels at low energies from [ decay and the reduced p(Sy) value were needed to normalize

the experimental NLD. The reduced p(Sy,) was determined using the same method as for the
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Figure 5.16: Shifted calculated level densities (upper, mid, and lower) near S, used to
determine p(Sy,) values for the NLD normalization.

™7n data. The percentage of the total NLD at the neutron separation energy as a function
of spin is shown in Fig. 5.17. The indicated spins comprise 50.7(5)% of the total NLD, which
led to reduced p(Sy) values of 90(46), 116(58), and 150(73) MeV 1.

With the two normalization points (the known low-energy levels and the reduced p(Sp,)),
the experimental NLD was normalized to match both. The normalization was performed
three times, with the upper and lower limits from the shift uncertainty as well as the central
value. The upper, lower, and middle normalized NLD are shown in Fig. 5.18, along with
the three shifted Goriely calculated NLDs, which were reduced to include only spins in the

range of interest.
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are populated following an allowed 3 decay of "Co and one dipole photon transition. The
ground state of "1Co has been tentatively assigned a value of (7/27).

5.2.3 ~SF normalization

For the value of B, previous 3-Oslo data on % 7ONi was used. The ONi ~SF was previously
normalized to Coulomb dissociation data for Ni [100], and then the 9Ni 4SF was normal-
ized to the ONi data. For the new "'Ni data, the average of the two data sets was used
for normalization along the entire energy range where "'Ni data was available (1-4.5 MeV).
The normalized "INi ~vSF was also compared to the 68Ni Coulomb dissociation data, as well
as more recent data on the vSF of "Ni [101]. The normalized vSF for 7'Ni, along with the
~SFs obtained for 99-70Ni using the 3-Oslo method and the Coulomb dissociation data for

68,70Nj is shown in Fig. 5.19.
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5.3 ™Co decay

From previous studies, it has been shown that when "2Co is produced by fragmentation,
both the ground state and a low-energy isomeric state are produced [102]. The energy
of the isomeric state is unknown, but both states 5 decay to excited states in "2Ni. The
measured half-lives of the two states are very similar: 51.5(3) ms and 47.8(5) ms [103].
However, the spins of the two states are very different, with a high-spin state tentatively
assigned a spin and parity of (67, 77) and a low-spin state with a tentative spin and parity
of (07, 17) [103]. The high-spin state assignment is based on systematics of even-even Co
isotopes [99,104], while the low spin-state was suggested due to known long-lived isomers in
lighter Co isotopes [104] as well as observed 3 feeding to levels with low spins in "2Ni [103].

Characteristic v-rays from the decay of both states were observed in the present ex-
periment. The population ratio between the high-spin and low-spin [-decaying states was
determined using the characteristic y-rays and their respective absolute intensities as re-
ported in Ref. [103]. For the high-spin ground state, the 1194.2(12) keV transition was the
best separated characteristic v ray (see Fig. 5.20 for a simplified level scheme of the high-spin
decay). For the low-spin isomer, the 3039.6(19) keV and 3383.4(18) keV ~ rays were used
(see Fig. 5.21 for the low-spin decay scheme). These « rays were fit in the experimental
segments spectrum following the decay of “2Co, but needed to be corrected using the effi-
ciency of SuN. The known low-spin and high-spin decay schemes were used to model the
GEANT4 response of SuN and to determine the detection efficiency for the 1194 keV, 3039
keV, and 3383 keV transitions, see Table 5.5. The results of the simulation of the response
to the high spin ground state can be seen in Fig. 5.22, along with the fit to the simulated

data that was used to determine the efficiency of the 1194 keV v ray based on the number
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Table 5.5: Efficiency for detecting the full energy of select v rays in one segment of SuN,
determined from GEANT4 simulations.

y-ray energy (keV) Efficiency (%)
1194.2 16(1)
3039.6 24(4)
3383.4 22(4)

of counts compared to the number of 5 decays simulated. Three main peaks were fit—-842.7
keV (A), 1094.8 keV (B), and 1194.2 keV (C). The 1194 keV v ray is actually a shoulder
on the strong 1095 keV transition from the first excited state to the ground state in T2Nj,
but it was the only + ray from the high-spin decay that was well separated, which was why
multiple peaks were fitted simultaneously. The results of the simulation of the response to
the low spin isomer can be seen in Fig. 5.23. This figure focuses on the high-energy v rays;
the fit to the 3040 keV ~ ray (D), the 3383 keV ~ ray (E), and the surrounding 7 rays is
shown. The 3383 keV ~ ray had smaller fitting uncertainties, so it was used for the isomer
ratio determination.

The experimental data for the same energy ranges can be seen in Fig. 5.24 (1194 keV,
characteristic high-spin decay) and Fig. 5.25 (3383 keV, characteristic low-spin decay). The
same peripheral peaks were fit in the experimental data as in the GEANT4 simulation (when
possible) to help determine the number of counts in the peaks of interest. By correcting for
the efficiency and the absolute intensity of each y-ray, the number of decays of the high-spin
ground state was calculated to be 164000(21000), while the number of decays of the low-spin
isomer was calculated to be 104000(27000). Adding these values together gives the total
number of "2Co decays to be 268000(34000), which matched within error to the number

extracted from the decay curve fit shown in Fig. 5.26 (and described below). Therefore,
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Figure 5.22: GEANT4 simulation of the decay of the “2Co high spin isomer, with the fit used
to extract the efficiency of the 1194.2 keV ~ ray.
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Figure 5.23: GEANT4 simulation of the decay of the "2Co low spin isomer at high - energies,
with the fit used to extract the efficiency of the 3383.4 keV ~ ray.

97



Counts per 10 keV
3
3

1 I 1 1 I 1 1 I 1 1 I 1
0 500 1000 1500 2000

Gamma energy (keV)

Figure 5.24: Low energy raw SulN spectrum with the fit used to extract the number of 1194.2
keV counts seen in the experiment.

60(20)% of the decays were from the high-spin state, while 40(20)% of the decays were from
the low-spin state.

The ratio was tested with a GEANT4 simulation of a mixed decay scheme, shown in Fig.
5.27. The differences between the data and the simulation at low energies indicates that the
B-decay feeding intensities to highly excited states (e.g. the 70% feeding at 3.586 MeV) is
too large, which is commonly seen when the intensities were determined using low-efficiency
high-purity Ge detectors [105,106]. It is likely that some of the feeding intensity attributed
to these levels is actually going to higher-lying, unknown excited states, as the highest
known level in 72Ni is just above 5 MeV but the neutron separation energy is 6.891 MeV.
To investigate the impact of feeding to high excited states, two new levels were added in the
simulation: a hypothetical level at 5.085 MeV that was assumed to de-excite by a 1.5 MeV ~
ray to the 3.856 MeV level, and another hypothetical level at 5.978 MeV that also de-excited

by a 1.5 MeV ~ ray, but to the 4.478 MeV level. To test the impact of moving [-feeding
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Figure 5.25: High energy raw SuN spectrum with the fit used to extract the number of
3383.4 keV counts seen in the experiment.
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Figure 5.26: Full decay curve fit for the decay of 2(0.
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Figure 5.27: Low energy GEANT4 simulation with 60% high spin and 40% low spin decays
compared to the SuN spectrum. The simulation has been scaled to match the SuN data
between 4 and 6 MeV.

strength to higher excitation energies, an arbitrary amount (25%) of the S-decay feeding to
the levels being populated by the new v rays was removed and attributed to the new levels.
For the new 5.086 MeV level, a §-decay feeding intensity of 17.5% was assigned (this was
25% of the 70% [-feeding intensity assigned to the 3.586 MeV level), while a S-decay feeding
intensity of 3% was assigned to the new 5.978 MeV level (25% of the 12% [-decay feeding
intensity assigned to the 4.478 MeV level). This is the simplest case, where the 5 feeding is
going to just one highly excited state instead of being spread out among many states. With
the new levels, the efficiency of detecting the y-rays of interest (for determining the ratio of
high-spin ground state to low-spin isomer populated in fragmentation) decreased due to the
higher v-ray multiplicity. The efficiency of detecting the 1194.2 keV ~ ray in a single segment
of SuN decreased from 16(1)% to 15(1)%, while the efficiency of detecting the 3383.4 keV ~

ray in a single segment decreased from 22(4)% to 14(3)%. A smaller decrease in the efficiency
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Table 5.6: Results of decay curve fit for "2Co decay using a 150 ms correlation time (see Fig.
5.26).

Number of parent decays 252670(570)
Number of daughter decays 10566(25)

Number of random correlations 189650(40)
Number of events in backwards correlation 228329(36)

Table 5.7: Results of decay curve fit for 72Co decay using a 5 sec correlation time (see Fig.
5.28).

Number of daughter decays in subtraction region 10560(270)

Number of random correlations in subtraction region 99280(240)

of the 1194.2 keV v ray compared to the 3383.4 keV ~ ray was expected, as the 1194.2 keV
~ ray is in a multiplicity four (M=4) cascade, while the 3383.4 keV -y ray is in a multiplicity
two (M=2) cascade. The decrease in efficiency between M=4 and M=5 is small, while the
decrease in efficiency between M=2 and M=3 is larger [60], so adding a single v ray to each
cascade affected the efficiency as expected. The change in efficiency had a small impact
on the calculated amounts of each -decaying state populated in fragmentation, within the
uncertainty, so the 60% high spin and 40% low spin population was used.

With the relative amounts of each 5-decay state determined, the effective half-life of 200
was calculated to be 50.1(79) ms. The decay curve fit, following the procedure described
for "'Co, is shown in Fig. 5.26. The extracted half-life of 52(1) ms agreed well with the
expected effective half-life of the mixed ground state/isomer decay.

The number of parent decays, daughter decays, background counts, and counts in the
backwards correlator for the 150 ms correlation are detailed in Table 5.6. As with "1Co, these

values were used to perform an appropriate subtraction of the daughter and background
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Figure 5.28: Long correlation time decay curve fit for the decay of "2Co. The green band
shows the time region used to remove the daughter contribution to the SulN spectra.

from the raw SulN spectra. In the 5 second correlation window, a time window from 1000
ms to 1841 ms yielded 10560(270) daughter decays, matching the 10566(25) in the 150
ms correlator, with 99280(240) random correlations in that time window (see Table 5.7).
Subtracting the spectra obtained from this time window left 90370(240) background counts
to be removed in the 150 ms correlation. The backwards correlation was scaled appropriately
to remove the correct amount of background remaining in the spectra.

The strongest transitions in "2Ni were described above (see Figs. 5.20 and 5.21), and
were clearly observed in the parent contribution spectrum in Fig. 5.29. The 1094.8 keV peak
[A], with an absolute intensity of 101% for the high-spin decay and 48% for the low-spin
decay, is by far the strongest transition. The other strong transitions at 842.7 keV [B] (I

= 95% high spin, 1.3% low spin) and 454.3 keV [C] (I, = 62% high spin) are also clearly
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present. There is a 70% (-decay feeding to the 3586.0 keV level [D] in the high spin decay,

which can be best seen in the TAS spectrum, and there are no other strongly fed levels.

5.3.1 [(-Oslo matrices

As with the "1Co decay, the raw 2D Oslo matrix was constructed using the daughter- and
background-subtracted SuN spectra, which can be seen in Appendix B. The raw matrix can
be seen in Fig. 5.30, with 10 keV wide bins on both axis. The unfolded matrix, in Fig. 5.31,
has 120 keV wide bins to reflect the resolution of SuN, as does the primary matrix (Fig.
5.32). The region of the primary matrix used to extract the NLD and ~SF is highlighted
in Fig. 5.32, and was restricted to £y > 3000 keV and E, € (3000, 7000) keV. The upper
E, limit was chosen to be very close to the p(Sy) of ?Ni of 6.891(3) MeV [107]. The first
excited state of TINi is at 280.5(2) keV [67], which allowed for the upper E; limit to be
increased to 7 MeV (~100 keV above Sj,) without the possibility of contamination from the

[-delayed neutron daughter.

5.3.2 NLD normalization

The NLD normalization followed the same procedure as for "INi, with the spin-reduced
calculated cumulative levels shifted in excitation energy to match the known levels. The X2
minimization, shown in Fig. 5.33, resulted in shift values of 0.25 + 0.2 MeV. The shifted
calculated cumulative levels can be seen compared to the known levels in Fig. 5.34. The
shifts were then applied to the calculated NLD around S, which is shown in Fig. 5.35,
along with the exponential fits to each shift. The results for the fitted parameters are given

in Table 5.8 and resulted in p(Sy) values of 1055(85), 1300(100), and 1600(120) MeV 1.
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Figure 5.29: "2(Co SuN spectra showing the raw spectrum, daughter decay contribution, back-
ground contribution, and final v-ray (top) and TAS (bottom) spectra for the de-excitation
of Ni. As with Fig. 5.10, the labeled peaks note strong ~-ray transitions and strongly fed
levels, and are described in the text.
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Figure 5.30: Raw 2D Oslo matrix for the decay of 2o into excited states of "2Ni. The ~y-ray
energies obtained from the segments of SuN are plotted on the x-axis, while the excitation
energy of the daughter nucleus, obtained from the total energy in the detector, is plotted on
the y-axis.
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Figure 5.31: Unfolded 2D matrix for 72Ni with 120 keV binning on both axis.
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Figure 5.32: Primary 2D matrix for 72Ni with 120 keV binning on both axis. The extraction
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Figure 5.33: x2 values for different E, shifts of the calculated cumulative levels compared
to the known cumulative levels for 72Ni.
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Table 5.8: Parameters used in exponential fit to shifted calculated NLD for T2Ni.

Shift Value Constant Slope p(Sy) (MeV™1)
0.05 MeV 1.29(7) 1.034(8) 1600(120)
0.25 MeV 1.05(6) 1.034(8) 1300(100)
0.45 MeV 0.85(5) 1.034(8) 1055(84)
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Once again, the NLD needed to be reduced due to the lack of non-$ decay data. The two
possibilities for the ground state spin, 6~ or 7, account for different percentages of p(Sp)
due to the different spin ranges they cover: 4 to 8 (both parities) from a 6~ state, and 5 to
9 (both parities) from a 7~ state. The population of the NLD around S), as a function of
the spin is shown in Fig. 5.36 for both cases. The case of a 6~ ground state would populate
56% of the full p(Sy,), while the case of a 7~ ground state would populate 46%.

The high-spin ground state was found to be only 60% of the decays, however, so the low-
spin isomer decay also needed to be considered. The suggested spins are (07, 17), but lighter
Co isotopes have suggested 17 isomers, so only a spin of 17 was considered. The percentage
of p(Sp) populated by the low-spin decay was found to be 33%, covering spins of 0 to 3,
both parities. The spin range covered by the mixed high spin and low spin decay is shown
in Fig. 5.37 for both high spin options. For a 6~ ground state with a 17 isomeric state,
spins of 0 to 8, both parities, are covered. For a 7~ ground state with a 17 isomeric state,
spins of 0 to 3 and 5 to 9, both parities, are covered. The percentage of p(Sy) populated by
the combined ground state and isomeric state decay (for each ground state spin case) was
calculated by combining the percentage of p(Sy,) populated due to the combined spin range
and the ratio of the ground state to isomeric state produced in fragmentation. Assuming
that the S-decay branching ratio to high excitation energies is the same for both [-decaying
states, a 6 ground state populated 60% of the time in fragmentation combined with a 17
isomeric state populated 40% of the time in fragmentation would populate 76(11)% of p(Sp),
while a 7~ ground state with a 17 isomeric state would populate 67(10)%. That resulted in
lower, middle, and upper reduced p(Sy,) values of 810(130), 990(160) and 1220(200) MeV 1
for the case of a 6~ ground state, and 710(120), 870(140), and 1070(170) MeV~! for the

case of a 7~ ground state.
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based on tabulated spin- and parity-dependent NLD from Ref. [30]. The ground state of 200
has been tentatively assigned a value of (67,77 ). Spins highlighted in blue are populated
following an allowed [ decay of 200 from a6~ ground state and one dipole photon transition,
while spins highlighted in green are populated following an allowed § decay from a 7~ ground
state and one dipole transition.
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The reduced p(Sy,) values are modified if the low-spin and high-spin decays do not equally
feed the states around S;,. The low-spin isomer has a reported ground-state 5-decay branch
of 42(13)% [103]. Accounting for the direct ground state decay, 68(10)% of p(Sy,) would be
populated for the case of a 6~ ground state populated 60% of the time in fragmentation
combined with a 17 isomer populated 40% of the time in fragmentation, while 58(9)%
would be populated for the case of a 7~ ground state combined with a 11 isomer. The new
reduced p(Sy,) values would therefore be 720(130), 880(160), and 1080(190) MeV~! for a 6~
ground state and 620(110), 760(140), and 930(170) MeV ! for a 7~ ground state. The other
extreme, where 100% of the low-spin decay goes to the ground state, would result in 56%
of p(Sy) for a 67 ground state and 46% for a 7~ ground state (the same values as above,
before accounting for the fact that a 5-decaying isomer was produced). With those values,
the reduced p(Sy,) values were found to be 588(47), 724(57), and 890(69) MeV~! for a 6~
ground state, and 490(140), 600(170), and 740(200) MeV~! for a 7~ ground state. The
p(Sp) values for each case are detailed in Table 5.9.

The case of 0% B-decay feeding to the ground state from the 17 isomer results in the
largest reduced p(Sy,) values, so this case was used as an upper limit for the normalization.
The lower, middle, and upper normalized NLD for “2Ni are shown in Fig. 5.38 for both
high-spin cases. The shifted calculated NLD, which were reduced to contain only the spins

in the ranges of interest, are included in the figure as well.

5.3.3 ~SF normalization

The two ground state spin possibilities led to two different p(Sy,) reductions, so the vSF was
normalized twice. The resulting vSF for both a 6= and 7~ ground state are shown in Fig.

5.39.
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Table 5.9: Lower, middle, and upper values for p(.Sy,) for different spin population reductions.
The full p(Sy,) was reduced using several assumptions about the 3 feeding to the ground state
in 72Ni from the low spin isomer: 0% (upper limit for populating p(Sy)), 42% (measured
ground state feeding), and 100% (lower limit for populating p(Sy,), where only the high-spin
ground state of (0 is responsible for populating levels around Sy,).

Low spin isomer High spin Lower p(Sp)  Middle p(Sy)  Upper p(Sy)
ground state Ig  ground state J™ (MeV—1) (MeV—1) (MeV—1)
0% 6~ 810(130) 990(160) 1220(200)
0% 7" 710(120) 870(140) 1070(170)
42% 6~ 720(130) 880(160) 1080(190)
42% 7" 620(110) 760(140) 930(170)
100% 6~ 588(47) 724(57) 890(69)
100% 7" 490(140) 600(170) 740(210)
3 e  SuN data, middle (6" g.s.) e  SuN data, middle (7" g.s.)
10 =3 = SuN data, lower limit . .? = SuN data, lower limit
- A SuN data, upper limit . iF A SuN data, upper limit
B Known Levels i Known Levels
- = == o from Goriely et al. i~ zzmz opfrom Goriely etal.
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Figure 5.38: Normalized NLD for 72Ni, with the known levels and Goriely calculated NLD
(shifts of 0.05 MeV, 0.25 MeV, and 0.45 MeV).
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Figure 5.39: Normalized vSF for 72Ni for both spin possibilities for the ground state of 2Co
compared to vSF data on % 7ONi from the 8-Oslo method, as well as higher-energy Coulomb
dissociation data for 870N

5.4 "Co decay

The decay of 3Co is free of any known isomers, which made it the simplest case for fitting
the decay curve. The known half-life of "3Co is 40.7(13) ms [66], while the known half-life
of ™Ni is 840(30) ms [66]. As with the other Co isotopes, the decay curve was fit with
a combination of parent decays, daughter decays with a fixed half-life, and a background
component with a decay constant fixed by the backwards correlator decay curve. This fit is
shown in Fig. 5.40. The half-life of "3Co extracted from the fit was 41(1) ms, which matches
the known half-life well.

The same procedure as described for "72Co was used to remove the daughter and back-
ground contributions to the SulN spectra. Table 5.10 details the number of parent decays,

daughter decays, and background counts from the decay curve fit.
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Figure 5.40: Full decay curve fit for the decay of 3Co.

Table 5.10: Results of decay curve fit for ">Co decay using a 150 ms correlation time (see
Fig. 5.40).

Number of parent decays 97980(350)
Number of daughter decays 7966(17)

Number of random correlations 69383(30)
Number of events in backwards correlation 80511(28)

Table 5.11: Results of decay curve fit for "3Co decay using a 5 sec correlation time (see Fig.
5.41).

Number of daughter decays in subtraction region 7970(120)

Number of random correlations in subtraction region 57100(100)
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Figure 5.41: Long correlation time decay curve fit for the decay of (0. The green band
shows the time region used to remove the daughter contribution to the SulN spectra.

From the 5 second correlator, a time window of 500 ms to 1523 ms was found to have
the appropriate number of daughter decays, 7970(120), to match the number of daughter
decays in the 150 ms correlator. This time window contained 57100(100) background counts
(see Table 5.11), leaving 12290(100) background counts left in the 150 ms correlator after
removing the daughter spectrum. The backwards correlation was scaled appropriately to
remove the correct amount of background remaining in the spectra.

The SuN spectra for the g decay of 7o can be seen in Fig. 5.42, and the known level
scheme can be seen in Fig. 5.43. The strongest transition in “3Ni, with an absolute intensity
of ~70%, is at 239.2 keV, which was clearly apparent in the parent component of the y-ray
spectrum. There are only three more known transitions, at 284.8 keV (I ~ 34%), 524.6 keV
(Iy ~ 18%), and 774.7 keV (I, ~ 53%). There are two strongly fed levels, at 1299.0 keV

and 239.2 keV, which were clearly seen in the TAS spectrum.
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Figure 5.42: 73Co SuN spectra showing the raw spectrum, daughter decay contribution, back-

ground contribution,

and final y-ray (top) and TAS (bottom) spectra for the de-excitation

of ™Ni. As with Figs. 5.10 and 5.29, the labeled peaks note strong ~-ray transitions and
strongly fed levels, and are described in the text.
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5.4.1 [(-Oslo matrices

The raw 2D Oslo matrix for the 8 decay of "3Co is shown in Fig. 5.44 with 10 keV wide bins,
while the starting matrix, daughter component matrix, and background component matrix
can be found in Appendix B. The unfolded matrix is shown in Fig. 5.45, with 120 kev
binning, and the primary matrix is shown in Fig. 5.46. The extraction range for the NLD
and 7SF was E~ > 1700 keV, E; € (2800, 4000) keV. Even though the first excited state of
the S-delayed neutron daughter, 2Ni, is relatively high in energy (1.0950(9) MeV [68]), the

upper E,: limit was not raised further above 5;, due to a lack of statistics.

5.4.2 NLD normalization

The NLD normalization procedure followed those described for “:72Ni. The x2 minimization
to determine the shift value for the calculated cumulative levels (once again restricted to levels

that fall within the spin range populated in 8 decay) is shown in Fig. 5.47, and resulted
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Figure 5.44: Raw 2D Oslo matrix for the decay of "3Co into excited states of ">Ni. The y-ray
energies obtained from the segments of SuN are plotted on the x-axis, while the excitation

energy of the daughter nucleus, obtained from the total energy in the detector, is plotted on
the y-axis.
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Figure 5.46: Primary 2D matrix for T3Ni with 120 keV binning on both axis. The extraction
region used for the NLD and ~SF is outlined by the black lines.
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Figure 5.47: x2 values for different E, shifts of the calculated cumulative levels compared
to the known cumulative levels for ">Ni.

Table 5.12: Parameters used in exponential fit to shifted calculated NLD for "3Ni.

Shift Value Constant Slope p(Sp) (MeV™h
0 MeV 1.7(1) 1.06(1) 161(17)
0.25 MeV 1.3(1) 1.06(1) 124(14)
0.5 MeV 0.99(9) 1.06(1) 95(11)

in shifts of 0.25 4+ 0.25 MeV. The resulting shifted calculated NLD are shown compared to
the known levels in Fig. 5.48, and the shifted calculated NLD around 5,, is shown in Fig.
5.49. The low Sy, value (3.953(3) MeV [107]) was less of an issue for this isotope than for
7INi, as the calculated NLD had a more exponential shape at low energies. The exponential
fits to the shifted calculated NLD are shown in Fig. 5.49, while the parameters for the fits
are detailed in Table 5.12. The fits resulted in p(Sy,) values of 95(11), 124(14), and 161(17)

MeV—1,
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Figure 5.48: Shifted calculated cumulative levels compared to the known cumulative levels.
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Figure 5.49: Shifted calculated level densities (upper, mid, and lower) near S, used to
determine p(Sy,) values for the NLD normalization.
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Figure 5.50: Distribution of spins for the levels in “3Ni around the neutron separation energy
based on tabulated spin- and parity-dependent NLD from Ref. [30]. Spins highlighted in blue
are populated following an allowed 3 decay of "3Co and one dipole photon transition. The
ground state of "3Co has been tentatively assigned a value of (7/27).

The NLD reduction due to the limited experimental information was necessary for “3Ni
as well. The spin distribution around Sy, with the populated spins of 3/2 to 11/2 (both
parities) highlighted is shown in Fig. 5.50. This represented 60.8(6)% of the total NLD,
leading to reduced p(Sy) values of 58(7), 75(8), and 98(11) MeV~!. The upper, middle, and
lower normalized NLD is shown in Fig. 5.51, along with the three shifted Goriely calculated

NLDs, reduced to only the spin range of interest.

5.4.3 ~SF normalization
As with the other two Ni isotopes, the ™Ni ~vSF was normalized using data from 68,69,70Nj,

The normalized ySF' is shown in Fig. 5.52.
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Figure 5.51: Normalized NLD for "Ni, with the known levels and Goriely calculated NLD
(shifts of 0 MeV, 0.25 MeV, and 0.5 MeV).
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Figure 5.52: Normalized vSF for "Ni (black dots) compared to ySF data on 69,70Ni from
the -Oslo method, as well as higher-energy Coulomb dissociation data for 870N,
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Chapter 6

Results and Discussion

6.1 TALYS calculations

The 7SF data for each isotope was fitted with a combination of a Hartree-Fock BCS model
(“strength 3”7 option in TALYS) and an exponential upbend. The strength 3 table was
chosen because it represented the vSF of all three isotopes well at higher energies (above
2 MeV) and was easy to shift in magnitude in the code. The upbend needed to be added
directly to the source code. The shift value and the parameters for the exponential upbend
were determined by a combined fit to the experimental data. The best results can be seen in
Figs. 6.1, 6.2 (fitted for both the 6~ and 7~ "2Co parent spin possibilities), and 6.3. Only
the middle values are shown in this section, but the lower limit and upper limit for each
isotope were also obtained and incorporated into the TALYS calculation as well. All of the
results from this procedure are provided in Appendix C. The fitted parameters are given in
Table 6.1.

The neutron-capture cross sections and reaction rates for the 70Ni(n7 fy)nNi, 71Ni(n, 7)72Ni,
and "Ni(n, 7)®Ni reactions were then calculated in TALYS. All combinations of the NLD
and SF models in Table 3.4 were first used to determine the model uncertainty, which can be
seen in Fig. 6.4 as the light grey band. The procedure described above was used to incorpo-

rate the experimental ySF, while the experimental NLD was converted to a spin-dependent
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Figure 6.1: Fit to experimental 4SF for "!Ni using the HFBCS model (strength 3 in TALYS)
and an exponential upbend.
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Figure 6.2: Fit to experimental 4SF for "2Ni using the HFBCS model (strength 3 in TALYS)
and an exponential upbend. The SF obtained from a 6~ "2Co parent is on the left, while
the vSF obtained from a 7~ parent is on the right.
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Figure 6.3: Fit to experimental ySF for "3Ni using the HFBCS model (strength 3 in TALYS)
and an exponential upbend.

Table 6.1: Parameters used to fit the experimental ySF with a scaled HFBCS table (strength
3 in TALYS) and exponential upbend. Fits are shown in Figs. 6.1, 6.2, and 6.3 for the middle
values.

Strength 3 Exponential =~ Exponential

Isotope scaling factor constant slope
"INi lower limit 1.4 3E-8 1.2
"INi middle 1.6 3E-8 1.5
"INi upper limit 1.8 3E-8 -1.8
Ni (6~ g.s.) lower limit 0.8 4E-8 -0.7
2Ni (6~ g.s.) middle 1.2 5E-8 -0.9
Ni (6~ g.s.) upper limit 1.7 2E-8 -1.1
2Ni (77 g.s.) lower limit 0.8 3E-8 -0.5
Ni (77 g.s.) middle 1.1 6E-8 0.9
T2Ni (7~ g.s.) upper limit 1.6 5E-8 -1.2
3Ni lower limit 1.0 3E-8 0.8
3Ni middle 1.3 3E-8 0.9
T3Nj upper limit 1.8 4E-8 1.2
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Table 6.2: Range of neutron-capture cross sections and reaction rates (maximum/minimum
at each energy or temperature) for all three reactions. In each case, the cross sections and
reaction rates were reduced to under a factor of 3 (under a factor of 2 for the "ONi reaction).

Cross section Reaction rate
Reaction Input range range
(max/min) (max/min)

Ni(n,v) TALYS NLD and vSF models 28 52

experimental NLD and SF 1.8 1.8
"INi(n,v)  TALYS NLD and ~4SF models 30 28

experimental NLD and ySF 2.9 24
Ni(n,y) TALYS NLD and SF models 90 77

experimental NLD and ySF 2.9 2.4

table as described in Chapter 3. All combinations of experimental NLD and vSF were run
through TALYS to determine the experimentally-constrained uncertainty. The results for
each isotope can be seen in Fig. 6.4 (for the "'Ni(n,~v)"2Ni reaction, the uncertainty from
both potential “2Co ground state spins are combined) as the dark grey band. In all three
reactions, the uncertainties were dramatically decreased when the experimental NLD and
~vSF were incorporated (see Table 6.2).

The "17273Nj neutron-capture cross sections were also compared to the 58:69Ni neutron-
capture cross sections previously constrained using the $-Oslo method [77,108]. The full
ranges for all five nuclei can be seen in Fig. 6.5. The three cross sections for even mass

68,70,72N1) are very similar, while the cross sections for odd mass isotopes (6%71Ni)

isotopes (
are higher. The vSF of 72Ni, which is the result of the "'Ni(n, 7) reaction, is larger at lower
~-ray energies than TLT3Nj (see Fig. 6.6), which may explain the difference between the even-

mass and odd-mass cross sections. Other potential causes have not yet been investigated,

including the nuclear structure information that was used for each reaction. The increase in
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Figure 6.4: (Left) TALYS cross section calculations (reactions are labeled). The light band
is the uncertainty in the cross section when considering all combinations of the NLD and
vSF models available (excluding the temperature-dependent HFB NLD and SLO ~SF). The
darker band is the uncertainty when including the experimentally constrained NLD and
~vSF, along with their associated uncertainties. (Right) TALYS reaction rate calculations
(reactions are labeled). The light and dark bands are the same as for the cross section,
while the blue dashed line is the JINA REACLIB rate for the reaction (also calculated in

TALYS) [15].
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Figure 6.5: Comparison of the five Ni cross sections calculated in TALYS.

the cross sections of the even isotopes is interesting, as in general the neutron-capture cross
section decreases as a function of increasing neutron energy past the resonance region. The
reason for the increase at higher neutron energies for all three even-mass reactions is under

discussion.
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Chapter 7

Conclusions and Outlook

A more complete understanding of the astrophysical location of the r-process, and in partic-
ular the weak r-process, relies on detailed information about the nuclei that are involved in
the process. In particular, neutron-capture cross sections are important but can have large
uncertainties due to the lack of direct experimental data at the present time. For the very
neutron-rich nuclei involved in the r-process, indirect methods such as the 5-Oslo method
are the only way to constrain neutron-capture cross section calculations using experimental
data. By extracting the NLD and 7SF of the nucleus formed in a neutron-capture reaction
from [-decay experimental data the uncertainty in a Hauser-Feshbach calculation of the
neutron-capture cross section can be reduced significantly, as these properties are the main
sources of uncertainty in such calculations. Smaller uncertainties for neutron-capture cross
sections propagate through astrophysics models of the r-process and result in reduced un-
certainties on the predicted abundance patterns, which allows for a more direct comparison
between modeled and observed abundances.

The choice of a Hauser-Feshbach model code can also contribute to the overall uncertainty
in the calculated cross sections. The assumptions and choices made to describe the nuclear
physics within each code, including the NLD, vSF, and known levels, can influence the cross
section. When different codes start from different assumptions the resulting cross sections

can very very different. Comparing the neutron-capture cross sections from multiple codes
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for every nucleus involved in the r-process is not feasible, but the discrepancies between
them can be reduced with a better understanding of the shape of the NLD and ~«SF far from
stability, as well as more information about the structure of neutron-rich nuclei.

Experiments to obtain information about the NLD and ~SF, even those that utilize
indirect methods, are possible only in select regions of the nuclear chart. That means that
our reliance on models to describe both properties for all of the other nuclei involved in the
r-process remains, but the models can be improved using the select data that is available.
When models of the NLD and 7SF are better able to describe the neutron-rich nuclei that
are possible to study, such as the Ni isotopes presented in this work, then there is less
uncertainty in how to describe the NLD and ySF of even more neutron-rich nuclei. As
more [-Oslo experiments are performed, larger-scale systematic studies of the NLD and
~vSF as a function of both the proton number and neutron number will be possible and will
also contribute to an increased understanding of both properties. Some theoretical work to
understand the dependence of the vSF as a function of neutron number has begun, but with
more data the theory can be improved [109].

The reduced uncertainties in the neutron-capture cross sections of all five Ni isotopes (70-
74) can now be used to investigate the impact on the overall uncertainty in calculated abun-
dance patterns in weak r-process models. The reduced uncertainty in just the 69Ni(n, 'y)mNi
reaction was previously shown to reduce the uncertainty in abundances in the mass 70 region
as well as up to mass 130, so incorporating the reduced uncertainties of four more reactions

should have a larger impact.
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APPENDIX A

Default NLD and +SF tables
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Table A.1: TALYS default NLD for "Zn including spin-dependent NLD for J=0-4. An equal parity distribution is assumed.

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3 J=4
0.25 2.93E-01 2.15E-02  5.55E-02  6.86E-02  6.14E-02  4.34E-02
0.50 3.98E-01 2.82E-02  7.33E-02  9.15E-02  831E-02  6.00E-02
0.75 5.41E-01 3.71E-02  9.69E-02  1.22E-01  1.13E-01  8.27E-02
1.00 7.36E-01 489E-02  1.28E-01  1.63B-01  1.52E-01  1.14E-01
1.25 1.00E+00 6.45E-02  1.70E-01  2.18E-01  2.06E-01  1.57E-01
1.50 1.36E+00 8.50E-02  2.25E-01  2.90E-01  278E-01  2.15E-01
1.75 1.85E+00 1.12E-01  2.98E-01  3.88E-01  3.75E-01  2.94E-01
2.00 2.51E+00 1.48E-01  3.95E-01  5.18E-01  5.06E-01  4.02E-01
2.25 3.41E+00 1.96E-01  5.24E-01  6.91E-01  6.82E-01  5.50E-01
2.50 4.64E+00 2.60E-01  6.95E-01  9.24E-01  9.20E-01  7.51E-01
2.75 6.30E-+00 344E-01  9.24E-01  123E+00 1.24E4+00  1.02E+00
3.00 8.57E+00 456E-01  1.23E+00 1.65E+00 1.67E400  1.40E-+00
3.25 1.17E+01 6.04E-01  1.63E+00 2.20E400 2.25E+00  1.90E+00
3.50 1.58E401 8.02E-01  2.17E400 2.95E+00 3.03E+00  2.59E+00
3.75 2.15E+01 1.07E+00  2.80E+00 3.94E+00 4.08E+00  3.52E+00
4.00 2.92E+01 1.41E+00  3.85E4+00 5.27E+00 550E+00  4.78E400
4.25 3.97E+01 1.88E+00  5.12E400 7.05E+00 7.41E+00  6.49E400
450 5.40E+01 2.50E+00  6.83E+00  9.44E+00  9.98E+00  8.82E+00
4.75 7.34E+01 3.32E400 9.10E4+00 1.26E+01  1.34E+01  1.20E+01
5.00 9.98E+01 442E4+00 121E+01  1.69E+01 181E+01  1.62E+01
5.50 1.84E+02 7.85E+00 2.16E+01  3.03E4+01 3.28E+01  2.99E+01

Continued on next page
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Table A.1 (cont’d) TALYS default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3 J=4

6.00 3.41E+02 1.39E+01  3.85E4+01 5.44E+01 594E+01  5.49E401
6.50 6.29E+02 248E+01  6.87E+01  9.76E+01  1.08E+02  1.01E+02
7.00 1.16E+03 442E401 123E402 1.75E+02  1.95E4+02  1.85E-+02
7.50 2.15E+03 788E+01  2.19E+02  3.15E402 3.54E+02  3.38E+02
8.00 3.91E+03 1.37E+02  3.82E402 5.53E+02 6.27E+02  6.08E402
8.50 6.95E+03 2336402  6.53E+02 9.51E4+02  1.09E+03  1.07E+03
9.00 1.21E404 389E+02 1.09E+03 1.60E+03 1.85E+03  1.83E+03
9.50 2.06E+04 6.40E+02 1.80E+03 2.65E+03 3.08E+03  3.08E+03
10.0 3.46E+04 1.04E+03  2.93E4+03  4.32E+03  5.05E+03  5.10E403
11.0 9.25E+04 2.61E+03 7.39E+03  1.10E4+04 1.30E+04  1.33E+04
12.0 2.34E+05 6.26E+03 1.78E+04 2.66E+04 3.17E+04  3.29E+04
13.0 5.67E+05 1.44E+04  411E404  6.19E+04 7.43E+04  7.78E404
14.0 1.32E+06 321E+04  9.16E+04 1.39E4+05 1.67E+05  1.77E+05
15.0 2.95E+06 6.91E+04 1.98E+05 3.00E+05 3.65E+05  3.89E+05
16.0 6.42E+06 1.45E+05  4.15E405 6.32E+05 7.72E+05  8.28E+05
17.0 1.36E+07 2.96E+05 849E+05 1.30E4+06 1.59E+06  1.72E+06
18.0 2.80E+07 5.91E+05 1.70E+06  2.60E4+06 3.21E+06  3.48E+06
19.0 5.64E+07 1.16E4+06  3.33E406 5.11E+06  6.32E+06  6.89E+06
20.0 1.11E+08 2.22E+06  6.40E+06  9.85E+06 1.22E+07  1.34E+07
22.5 5.65E-+08 1.06E+07  3.05E4+07 4.72E+07 5.90E+07  6.53E407
25.0 2.60E+09 461E+07 1.33E+08 2.07E+08 2.61E+08  2.91E+08
30.0 4.42E+10 7.11E+08  2.07E+09  3.23E4+09  4.10E+09  4.63E+09

Continued on next page
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Table A.1 (cont’d) TALYS default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3 J=4

40.0 6.69E+12 9.31E+10  2.72E+11  4.28E+11 551E+11  6.34E+11
50.0 5.66E+14 7.03E+12 2.06E+13  3.26E+13 4.24E+13  4.93E+13
60.0 3.19E+16 361E+14 1.06E+15 1.69E+15 221E+15 2.59E+15
70.0 1.32E+18 1.39E+16  4.07E+16  6.50E+16 854E+16  1.01E+17
80.0 4.28E+19 420E+17 124E+18 1.98E+18 261E+18  3.11E+18
90.0 1.14E+21 1.05E+19  3.10E4+19  4.97E+19  6.58E+19  7.86E+19
100 2.55E+22 224E+20 6.59E+20 1.06E4+21 141E+21  1.69E+21
110 4.94E+23 413E421  1.22E+422 1.96E+22 2.62E+22  3.14E+22
120 8.45E+24 6.76E+22  2.00E+23  3.22E+23 4.30E+23  5.18E+23
130 1.29E+26 9.93E+23  294E+424 ATAE+24  6.34E+24  7.66E+24
140 1.79E+27 1.33E+25  3.92E425 6.34E+25 849E+25  1.03E+26
150 2.27E+28 1.63E+26  4.81E4+26 7.78E+26  1.04E+27  1.27E427
160 2.66E+29 1.84E+27  5.45E427 8.83E+27 1.19E+28  1.44E+428
170 2.89E+30 1.94E428  5.75E+28  9.33E4+28  1.26E+29  1.53E+29
180 2.94E+31 1.92E+29  5.69E+29 9.24E+29 1.24E+30  1.52E+30
190 2.82E+32 1.79E+30  5.30E4+30 8.62E+30 1.16E+31  1.42E+431
200 2.55E+33 1.58E+31  4.68E4+31 7.60E+31 1.03E+32 1.25E+432
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Table A.2: TALYS default NLD for "#Zn including spin-dependent NLD for J=5-8. An
equal parity distribution is assumed.

E; (MeV) Total NLD (MeV™1) J=5 J=6 J="7 J=8
0.25 2.93E-01 2.51E-02  1.21E-02  4.92E-03  1.69E-03
0.50 3.98E-01 3.56E-02  1.77E-02  T7.44E-03  2.66E-03
0.75 5.41E-01 5.03E-02  2.57B-02  1.12E-02  4.14E-03
1.00 7.36E-01 7.08E-02  3.72B-02  1.67E-02  6.40E-03
1.25 1.00E-++00 9.93E-02  5.35E-02  247E-02  9.80E-03
1.50 1.36E-++00 1.39E-01  7.66E-02  3.63E-02  1.49E-02
1.75 1.85E+00 1.94E-01  1.09E-01  5.31E-02  2.24E-02
2.00 2.51E400 2.70E-01  1.55E-01  7.74E-02  3.36E-02
2.25 3.41E+00 3.75E-01  220E-01  1.12E-01  5.00E-02
2.50 4.64E+00 5.20E-01  3.11E-01  1.62E-01  7.40E-02
2.75 6.30E+00 7.20E-01  4.38B-01  2.33E-01  1.09E-01
3.00 8.57E+00 9.95B-01  6.16E-01  3.34E-01  1.60E-01
3.25 1.17E+01 1.37E4+00  8.63E-01  4.77E-01  2.33E-01
3.50 1.58E+01 1.89E+00  1.21E4+00  6.79E-01  3.39E-01
3.75 2.15E+01 2.60E4+00  1.69E+00  9.65E-01  4.91E-01
4.00 2.92E401 3.58E+00 2.35E4+00 1.37E4+00  7.08E-01
4.25 3.97E+01 4.92E4+00  3.27E+00  1.93E400  1.02E-+00
4.50 5.40E+01 6.75E+00  4.55E+00  2.73E4+00  1.46E400
4.75 7.34E+01 9.25E4+00  6.31E+00  3.84E4+00  2.09E-+00
5.00 9.98E+01 1.27E4+01  8.75E400  5.39E+00  2.98E+400
5.50 1.84E-+02 2.37TE4+01  1.67E+01  1.06E+01  6.02E+00
6.00 3.41E402 443E+01  3.19E+01  2.06E4+01  1.21E+01
6.50 6.29E4-02 8.26E+01  6.06E+01  4.00E4+01  2.40E+401
7.00 1.16E+03 1.54E4+02  1.15E+02  7.72E+01  4.74E+01
7.50 2.15E403 2.85E4+02  2.16E+02  1.49E+02  9.31E+01
8.00 3.91E+03 5.22E402  4.04E+02 2.85E+02  1.83E+02
8.50 6.95E+03 9.30E+02  7.33E+02 5.27E4+02  3.48E402
9.00 1.21E+04 1.62E+03  1.30E4+03  9.49E+02  6.40E402
9.50 2.06E+04 2.76E4+03  2.24E+03  1.67E4+03  1.15E+03
10.0 3.46E+04 4.60E4+03  3.79E+03  2.86E4+03  2.00E-+03

Continued on next page
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Table A.2 (cont’d) TALYS default NLD

E; (MeV) Total NLD (MeV™1) J=5 J=6 J=T7 J=8

11.0 9.25E+04 1.22E404  1.03E4+04  7.98E+03  5.74E-+03
12.0 2.34E4-05 3.07E+04 2.63E+04 2.08E4+04  1.54E+04
13.0 5.67E+05 7.36E+04  6.40E+04 5.16E+04  3.88E404
14.0 1.32E+06 1L.69E+05  1.49E4+05 1.22E+05  9.34E404
15.0 2.95E+06 3.75E+05  3.34E+05  2.78E4+05  2.16E405
16.0 6.42E+06 8.07E+05  7.26E+05  6.10E4+05  4.81E-+05
17.0 1.36E+07 1.69E+06  1.53E4+06  1.30E+06  1.04E406
18.0 2.80E+07 3.44E+06  3.15E+06  2.70E4+06  2.18E+06
19.0 5.64E+07 6.85E+06  6.33E+06  5.47E+06  4.46E-+06
20.0 1.11E+08 1.34E+07  1.24E4+07  1.08E+07  8.92E406
22.5 5.65E+08 6.61E4+07  6.24E+07  5.53E407  4.64E+07
25.0 2.60E+09 2.97TE408  2.84E+08  2.55E4+08  2.18E+08
30.0 4.42E+10 4.82E+09  4.69E+09  4.31E4+09  3.77E-+09
40.0 6.69E+412 6.74E+11  6.73E+11  6.39E+11  5.79E+11
50.0 5.66E+14 5.32E4+13  5.42BE+13  5.25E+13  4.87E+13
60.0 3.19E+16 2.83E4+15 291E+15 287E+15  2.71E+15
70.0 1.32E+18 111E417  1.16E+17  1.15E+17  1.10E+17
80.0 4.28B+19 3.44E+18  3.61E+18  3.63E+18  3.52E+18
90.0 1.14E+21 8.76E+19  9.26E+19  9.38E+19  9.17E+19
100 2.55E422 1.80E+21  2.01E4+21  2.05E+21  2.02E421
110 4.945+23 3.53E422  3.78E+22  3.88E4+22  3.84E422
120 8.45E+24 5.85E4+23  6.28E+23  6.47TE+23  6.45E423
130 1.29E+26 8.67TE+24  9.34E+24  9.68E4+24  9.70E+24
140 1.79E+27 L17TE+26  1.26E4+26  1.31E+4+26  1.32E426
150 2.27TE+28 1.44E+27  1.56E4+27  1.63E4+27  1.65E427
160 2.66E+29 1.64E+28  1.79E4+28  1.87E+28  1.90E+428
170 2.89E+30 L75E4+29  1.90E4+29  2.00E+29  2.03E+429
180 2.94E+31 L.74E+30  1.90E430  2.00E+30  2.04E+430
190 2.82E+4-32 1.63E+31 1.78E+31 1.88E+31  1.92E+431
200 2.55E+33 1.44E432  1.58E+32 1.67E+32  1.72E+32
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Table A.3: CoH default NLD for "#Zn including spin-dependent NLD for J=0-3. An equal
parity distribution is assumed.

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

2.46E-02 5.61E-01 5.25E-02  1.40E-01  1.85E-01  1.83E-01
4.46E-02 5.72E-01 5.35E-02  143E-01  1.89E-01  1.87E-01
6.46E-02 5.83E-01 546E-02  146E-01  1.93E-01  1.90E-01
8.46E-02 5.95E-01 5.56E-02  149E-01  1.96E-01  1.94E-01
1.05E-01 6.06E-01 5.67E-02  151E-01  2.00E-01  1.98E-01
1.25E-01 6.18E-01 5.78E-02  154E-01  2.04E-01  2.02E-01
1.45E-01 6.30E-01 589E-02  157E-01  2.08E-01  2.06E-01
1.65E-01 6.42E-01 6.00E-02  1.60E-01  2.12E-01  2.10E-01
1.85E-01 6.54E-01 6.12E-02  1.64E-01  2.16B-01  2.14E-01
2.05E-01 6.67E-01 6.24E-02  1.67E-01  2.20BE-01  2.18E-01
2.25E-01 6.80E-01 6.36E-02  1.70E-01  2.25E-01  2.22E-01
2.45E-01 6.93E-01 6.48E-02  1.73E-01  2.29E-01  2.26E-01
2.65E-01 7.07E-01 6.61E-02  1.77E-01  2.33E-01  2.31E-01
2.85E-01 7.20E-01 6.74E-02  1.80E-01  2.38E-01  2.35E-01
3.05E-01 7.34E-01 6.87E-02  1.83E-01  242E-01  2.40E-01
3.25E-01 7.48E-01 7.00E-02  1.87E-01  247E-01  2.44E-01
3.45E-01 7.63E-01 7.13E-02  191E-01  2.52E-01  2.49E-01
3.65E-01 7.78E-01 727E-02  1.94E-01  257E-01  2.54E-01
3.85E-01 7.93E-01 7TA1E-02  198E-01  2.62E-01  2.59E-01
4.05E-01 8.08E-01 7.56E-02  2.02E-01  2.67E-01  2.64E-01
4.25E-01 8.24E-01 7.70E-02  2.06E-01  2.72E-01  2.69E-01
4.45E-01 8.40E-01 785E-02  2.10E-01  2.77E-01  2.74E-01
4.65E-01 8.56E-01 8.00E-02  2.14E-01  2.83E-01  2.79E-01
4.85E-01 8.73E-01 8.16E-02  2.18E-01  2.88E-01  2.85E-01
5.05E-01 8.89E-01 8.32E-02  2.22E-01  2.94E-01  2.90E-01
5.25E-01 9.07E-01 8.48E-02  226E-01  2.99E-01  2.96E-01
5.45E-01 9.24E-01 8.64E-02  231E-01  3.05BE-01  3.02E-01
5.65E-01 9.42E-01 8.81E-02  2.35E-01  3.11E-01  3.08E-01
5.85E-01 9.60E-01 8.98E-02  240E-01  3.17TE-01  3.14E-01
6.05E-01 9.79E-01 9.15E-02  245E-01  3.23B-01  3.20E-01
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

6.25E-01 9.98E-01 9.33E-02  249E-01  3.20E-01  3.26E-01
6.45E-01 1.02E400 951E-02  254E-01  3.36B-01  3.32E-01
6.65E-01 1.04E400 9.70E-02  2.59E-01  3.42E-01  3.38E-01
6.85E-01 1.06E+00 9.88E-02  2.64E-01  3.49E-01  3.45E-01
7.05E-01 1.08E4-00 1.01E-01  2.69E-01  3.56E-01  3.52E-01
7.25E-01 1.10E4-00 1.03E-01  2.74E-01  3.63E-01  3.59E-01
7.45E-01 1.12E400 1.05E-01  2.80E-01  3.70E-01  3.65E-01
7.65E-01 1.14E400 1.07E-01  2.85E-01  3.77E-01  3.73E-01
7.85E-01 1.16E4-00 1.09E-01  2.91E-01  3.84E-01  3.80E-01
8.05E-01 1.19E400 1.11E-01  2.96E-01  3.92E-01  3.87E-01
8.25E-01 1.21E400 1.13E-01  3.02E-01  3.99E-01  3.95E-01
8.45E-01 1.23E400 1.156E-01  3.08E-01  4.07E-01  4.02E-01
8.65E-01 1.26E400 1.17E-01  3.14E-01  4.15E-01  4.10E-01
8.85E-01 1.28E4-00 1.20E-01  3.20E-01  4.23E-01  4.18E-01
9.05E-01 1.31E400 1.22E-01  3.26E-01  4.31E-01  4.26E-01
9.25E-01 1.33E400 1.24E-01  3.32E-01  4.39E-01  4.34E-01
9.45E-01 1.36E400 1.27E-01  3.39E-01  4.48E-01  4.43E-01
9.65E-01 1.38E4-00 1.29E-01  3.45E-01  4.56E-01  4.51E-01
9.85E-01 1.41E400 1.32E-01  3.52E-01  4.65E-01  4.60E-01
1.01E+00 1.44E+00 1.34E-01  3.59E-01  4.74E-01  4.69E-01
1.03E+00 1.46E400 1.37E-01  3.66E-01  4.83E-01  4.78E-01
1.05E+00 1.49E+00 1.40E-01  3.73E-01  4.93E-01  4.87E-01
1.07E+00 1.52E+00 1.42E-01  3.80E-01  5.02E-01  4.97E-01
1.09E+00 1.55E+00 1.45E-01  3.87E-01  5.12E-01  5.06E-01
1.11E+00 1.58E+00 1.48E-01  3.95E-01  5.22E-01  5.16E-01
1.13E+00 1.61E+00 1.51E-01  4.03E-01  5.32E-01  5.26E-01
1.15E+00 1.64E+00 1.54E-01  4.10E-01  5.42E-01  5.36E-01
1.17E+00 1.67E+00 1.57E-01  4.18E-01  5.53E-01  5.47E-01
1.19E+00 1.71E+00 1.60E-01  4.26E-01  5.64E-01  5.57E-01
1.21E400 1.74E+00 1.63E-01  4.35E-01  5.74E-01  5.68BE-01
1.23E+00 1.77E+00 1.66E-01  4.43E-01  5.86E-01  5.79E-01
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

1.25E+00 1.81E+00 1.60E-01  4.52E-01  5.97E-01  5.90E-01
1.27E+00 1.84E+00 1.72E-01  4.60E-01  6.08E-01  6.02E-01
1.29E+00 1.88E+00 1.76E-01  4.69E-01  6.20E-01  6.13E-01
1.31E+00 1.91E+00 1.79E-01  4.78E-01  6.32E-01  6.25E-01
1.33E+00 1.95E+00 1.83E-01  4.88E-01  6.45E-01  6.37BE-01
1.35E+00 1.99E400 1.86E-01  4.97E-01  6.57E-01  6.50BE-01
1.37E+00 2.03E+00 1.90E-01  5.07E-01  6.70E-01  6.62E-01
1.39E+00 2.07E+00 1.93E-01  5.16E-01  6.83E-01  6.75E-01
1.41E+00 2.11E+00 1.97E-01  526E-01  6.96E-01  6.88E-01
1.43E+00 2.15E+00 2.01E-01  537E-01  7.09E-01  7.01E-01
1.45E+00 2.19E+00 2.05E-01  547E-01  7.23E-01  7.15E-01
1.47E+00 2.23E+00 2.09E-01  5.58E-01  7.37E-01  7.29E-01
1.49E+00 2.28E+00 2.13E-01  5.68E-01  7.51E-01  7.43E-01
1.51E400 2.32E+00 2.17E-01  5.79E-01  7.66E-01  7.57E-01
1.53E+00 2.36E-+00 2.21E-01  591E-01  7.81E-01  7.72E-01
1.55E+00 2.41E+00 2.25E-01  6.02E-01  7.96E-01  7.87E-01
1.57E+00 2.46E+00 2.30E-01  6.14E-01  8.11E-01  8.02E-01
1.59E+00 2.50E+00 2.34E-01  6.26E-01  8.27E-01  8.18E-01
1.61E+00 2.55E+00 2.39E-01  6.38E-01  843E-01  8.33E-01
1.63E+00 2.60E-+00 243E-01  6.50E-01  8.59E-01  8.50E-01
1.65E+00 2.65E+00 248E-01  6.63E-01  8.76E-01  8.66E-01
1.67E+00 2.70E+00 253E-01  6.76E-01  8.93E-01  8.83E-01
1.69E-+00 2.76E-+00 258E-01  6.89E-01  9.10E-01  9.00E-01
1.71E+00 2.81E+00 2.63E-01  7.02E-01  9.28E-01  9.17E-01
1.73E+00 2.86E+00 2.68E-01  7.15E-01  9.46E-01  9.35E-01
1.75E+00 2.92E+00 2.73E-01  7.29E-01  9.64E-01  9.53E-01
1.77E+00 2.98E+00 2.78E-01  7.43E-01  9.83E-01  9.72E-01
1.79E+00 3.03E+00 2.84E-01  7.58E-01  1.00E+00  9.90E-01
1.81E+00 3.09E+00 2.890E-01  7.73E-01  1.02E+00  1.01E+00
1.83E+00 3.15E+00 2.95E-01  7.87E-01  1.04E+00  1.03E+00
1.85E-+00 3.21E+00 3.00E-01  8.03E-01  1.06E+00 1.05E+00
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

1.87E+00 3.28E-+00 3.06E-01  8.18E-01  1.08E+00 1.07E+00
1.89E+00 3.34E+00 3.12E-01  834E-01  1.10E+00  1.09E+00
1.91E+00 3.40E+00 3.18E-01  850E-01 1.12E+00 1.11E+00
1.93E+00 3.47E+00 3.24E-01  8.67E-01  1.15E400 1.13E+00
1.95E+00 3.54E+00 3.31E-01  883E-01  1.17E400 1.15E+00
1.97E+00 3.60E-+00 3.37E-01  9.01E-01  1.19E+00  1.18E+00
1.99E-+00 3.67E+00 3.44E-01  9.18E-01  1.21E+00  1.20E+00
2.01E+00 3.75E+00 3.50E-01  9.36E-01  1.24E+00  1.22E+00
2.03E+00 3.82E+00 357E-01  9.54E-01  1.26E+00  1.25E+00
2.05E+00 3.89E+00 3.64E-01  9.72E-01  1.29E+00  1.27E+00
2.07E+00 3.97E+00 371E-01  9.91E-01  1.31E+00  1.30E+00
2.09E+00 4.04E+00 378E-01  1.01E4+00 1.34E+00  1.32E+00
2.11E+00 4.12E400 3.86E-01  1.03E4+00 1.36E+00  1.35E-+00
2.13E+00 4.20E+00 3.93E-01  1.05E400 1.39E400  1.37E+00
2.15E+00 4.28E+00 401E-01  1.07E400 1.41E400 1.40E+00
2.17E+00 4.37E+00 408E-01  1.09E4+00 1.44E+00  1.43E+00
2.19E+00 4.45E+00 416E-01  1.11E+00 147E+00  1.45E400
2.21E+00 4.54E+00 424E-01  1.13E400 1.50E+00  1.48E+00
2.23E+00 4.63E+00 432E-01  1.16E400 1.53E+00 1.51E+00
2.25E+00 4.71E+00 441E-01  1.18E400 1.56E+00  1.54E+00
2.27E+00 4.81E+00 449E-01  1.20E400 1.59E+00  1.57E+00
2.29E+00 4.90E+00 458E-01  1.22E400 1.62E400  1.60E+00
2.31E+00 4.99E+00 467E-01  1.25E400 1.65E+00  1.63E+00
2.33E+00 5.09E+00 A76E-01  1.27E4+00 1.68E+00  1.66E-+00
2.35E+00 5.19E+00 485E-01  1.30E400 1.71E400  1.69E-+00
2.37E+00 5.29E+00 495E-01  1.32E400 1.75E400  1.73E+00
2.39E+00 5.39E+00 5.04E-01  1.35E400 1.78E+00  1.76E+00
2 41E+00 5.50E-+00 5.14E-01  1.37E400 1.81E+00  1.79E+00
2.43E+00 5.60E+00 5.24E-01  1.40E4+00 1.85E+00  1.83E+00
2.45E+00 5.71E+00 5.34E-01  143E+00 1.89E+00  1.86E+00
2 A7TE+00 5.82E+00 5.44E-01  1.45E400 1.92E400  1.90E+00
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

2.49E+00 5.93E+00 5.55E-01  1.48E+00 1.96E+00  1.94E+00
2.51E+00 6.05E-+00 5.66E-01  1.51E+00  2.00E+00  1.97E+00
2.53E+00 6.17E+00 5.77TE-01  1.54E400  2.04E400  2.01E+00
2.55E+00 6.29E+00 5.88E-01  1.57E+00  2.08E+00  2.05E+00
2.57E+00 6.41E+00 5.99E-01  1.60E+00 2.12E+00  2.09E+00
2.59E+00 6.53E+00 6.11E-01  1.63E+00 2.16E+00  2.13E+00
2.61E+00 6.66E-+00 6.23E-01  1.66E+00 2.20E+00  2.17E+00
2.63E+00 6.79E+00 6.35E-01  1.70E400  2.24E+00  2.22E+00
2.65E+00 6.92E+00 6.47E-01  1.73E+00 2.28E+00  2.26E+00
2.67E+00 7.05E+00 6.59E-01  1.76E+00  2.33E+00  2.30E+00
2.69E+00 7.19E+00 6.72E-01  1.80E+00  2.37E+00  2.35E-+00
2.71E+00 7.33E+00 6.85E-01  1.83E+00 2.42E+00  2.39E-+00
2.73E+00 7.47E+00 6.98E-01  1.87E+00 247E+00  2.44E+00
2.75E+00 7.61E+00 7.12E-01  1.90E4+00 251E+400  2.49E+00
2.77E+00 7.76E+00 7.26E-01  1.94E4+00 2.56E+00  2.53E+00
2.79E+00 7.91E+00 7A0E-01  1.98E400 2.61E+00  2.58E+00
2.81E+00 8.06E+00 754E-01  2.01E4+00 2.66E+00  2.63E+00
2.83E+00 8.22E+00 7.69E-01  2.05E+00 2.71E+00  2.68E+00
2.85E-+00 8.38E-+00 7.84E-01  2.09E4+00 2.77E+400  2.74E+00
2 87E+00 8.54E+00 7.99E-01  2.13E+400 2.82E+00  2.79E+00
2.89E+00 8.71E+00 8.14E-01  2.18E+00 2.88E+00  2.84E-+00
2.91E+00 8.88E+00 8.30E-01  2.22E400  2.93E+00  2.90E+00
2.93E+00 9.05E-+00 8A4GE-01  2.26E+00  2.99E+00  2.95E+00
2.95E+00 9.22E+00 8.62E-01  2.30E+00 3.05E+00  3.01E400
2.97E+00 9.40E+00 8.79E-01  2.35E400  3.10E400  3.07E+00
2.99E+00 9.58E+00 8.96E-01  2.39E4+00 3.16E+00  3.13E+00
3.01E+00 9.77E+00 9.13E-01  2.44E400 3.23E400  3.19E+00
3.03E+00 9.96E+00 9.31E-01  2.49E400  3.29E400  3.25E+00
3.05E+00 1.02E+01 9.49E-01  2.54E+00 3.35E+00  3.31E400
3.07E+00 1.03E4-01 9.68E-01  2.58E+00  3.42E+00  3.38E+00
3.09E+00 1.05E+01 9.86E-01  2.63E+00 3.48E+00  3.44E+00
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

3.11E+00 1.08E+01 1.01E+00  2.69E4+00  3.55E+00  3.51E+00
3.13E+00 1.10E+01 1.02E+00  2.74E400  3.62E+00  3.58E+00
3.15E+00 1.12E+01 1.04E+00  2.79E4+00  3.69E+00  3.65E+00
3.17E+00 1.14E+01 1.06E+00  2.84E4+00 3.76E+00  3.72E+00
3.19E+00 1.16E401 1.09E+00  2.90E4+00  3.83E+00  3.79E+00
3.21E+00 1.18E+01 1.11IE+00  2.96E4+00  3.91E+00  3.86E+00
3.23E+00 1.21E+01 1.13E+00  3.01E4+00  3.98E+00  3.94E+00
3.25E+00 1.23E401 1.15E4+00  3.07E4+00  4.06E+00  4.01E+00
3.27E+00 1.25E401 1.17E400  3.13E400  4.14E4+00  4.09E+00
3.29E+00 1.28E+01 1.19E4+00  3.19E400  4.22E4+00  4.17E+00
3.31E+00 1.30E+01 1.22E400  3.25E4+00  4.30E4+00  4.25E+00
3.33E+00 1.33E+01 1.24E4+00  3.32E4+00  4.38E+00  4.33E+00
3.35E+00 1.35E+01 1.27E+00  3.38E4+00 4.47E+00  4.42E+00
3.37E+00 1.38E4-01 1.20E4+00  3.45E+00  4.55E4+00  4.50E+00
3.39E+00 1.41E+01 1.31E400  3.51E+00  4.64E+00  4.59E+00
3.41E+00 1.43E401 1.34E4+00  3.58E+00  4.73E4+00  4.68E+00
3.43E+00 1.46E401 1.37E4+00  3.65E+00  4.82E+00  4.77E+00
3.45E+00 1.49E+01 1.390E4+00  3.72E400  4.92E4+00  4.86E+00
3.47E+00 1.52E401 1.42E+00  3.79E4+00  5.01E+00  4.96E+00
3.49E+00 1.55E+01 1.45E4+00  3.87E4+00  5.11E+00  5.05E+00
3.51E+00 1.58E+01 1.48E400  3.94E4+00 521E+00  5.15E+00
3.53E+00 1.61E+01 1.50E+00  4.02E400  5.31E+00  5.25E+00
3.55E+00 1.64E+01 1.53E400  4.09E4+00  5.41E+00  5.35E+00
3.57E+00 1.67E+01 1.56E+00 4.17E400  5.52E+00  5.45E+00
3.59E+00 1.70E+01 1.59E+00  4.25E400  5.62E+00  5.56E+00
3.61E+00 1.74E+01 1.62E+00  4.34E400  5.73E+00  5.67E+00
3.63E-+00 1.77E+01 1.65E+00  4.42E4+00 5.84E+00  5.78E+00
3.65E+00 1.80E+01 1.69E+00  4.51E4+00  5.96E+00  5.89E+00
3.67E+00 1.84E+01 1.72E+00  4.59E400  6.07E+00  6.00E+00
3.69E+00 1.87E401 1.75E400  4.68E4+00  6.19E4+00  6.12E+00
3.71E+00 1.91E+01 1.79E+00  4.77E4+00  6.31E+00  6.24E+00
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

3.73E+00 1.95E+01 1.82E4+00  4.87E4+00  6.43E+00  6.36E+00
3.75E+00 1.99E401 1.86E+00  4.96E4+00  6.56E+00  6.48E+00
3.77E+00 2.02E+01 1.89E+00  5.06E+00  6.68E+00  6.61E+00
3.79E+00 2.06E-+01 1.93E+00  5.15E400 6.81E+00  6.74E+00
3.81E+00 2.10E+01 1.97E+00  5.25E400  6.94E+00  6.87E+00
3.83E+00 2.14E+01 2.00E+00 5.36E+00  7.08E4+00  7.00E+00
3.85E-+00 2.19E+01 2.04E+00  5.46E+00  7.22E+00  7.13E+00
3.87E+00 2.23E+01 2.08E+00 5.56E+00  7.36E4+00  7.27E-+00
3.89E+00 2.27E+01 2.12E+00 5.67E+00  7.50E400  7.41E+00
3.91E+00 2.31E+01 2.16E+00 5.78E+00  7.64E4+00  7.56E+00
3.93E+00 2.36E-+01 2.21E+00 5.89E+00  7.79E4+00  7.70E-+00
3.95E+00 2.41E+01 2.25E+00 6.01E+00  7.94E400  7.85E-+00
3.97E+00 2.45E+01 2.29E+00  6.12E+00  8.10E+00  8.00E+00
3.99E+00 2.50E+01 2.34E+00  6.24E+00  8.25E+00  8.16E+00
4.01E+00 2.55E+01 2.38E+00  6.36E+00 8.41E+00  8.32E+00
4.03E+00 2.60E-+01 243E+00 6.49E+00 857E4+00  8.48E-+00
4.05E+00 2.65E+01 248E+00 6.61E+00 8.74E400  8.64E-+00
4.07E+00 2. 70E+01 2.52E4+00  6.74E+00 8.91E400  8.81E+00
4.09E+00 2.75E+01 2.57E+00  6.87TE+00  9.08E4+00  8.98E-+00
4.11E400 2.80E+01 2.62E+00  7.00E+00  9.26E+00  9.15E+00
4.13E+00 2.86E+01 2.67E+00  7.14E+00  9.44E+00  9.33E+00
4.15E400 2.91E+01 2.72E4+00  7.28E4+00  9.62E4+00  9.51E+00
4.17E+00 2.97E+01 2.78E+00 7.42E+00 9.81E4+00  9.70E-+00
4.19E+00 3.03E+01 2.83E+00  7.56E+00  1.00E+01  9.88E+00
4.21E400 3.09E+01 2.89E+00  7.71E+00  1.02E+01  1.01E+01
4.23E400 3.15E+01 2.94E+00  7.86E+00  1.04E+01  1.03E+01
4.25E400 3.21E+01 3.00E+00 8.01E+00 1.06E+01  1.05E+01
4.27E+00 3.27E+01 3.06E+00 8.17TE+00 1.08E+01  1.07E+01
4.29E+00 3.33E+01 3.12E400 8.32E+00 1.10E4+01  1.09E+01
4.31E+00 3.40E+01 3.18E+00 848E+00 1.12E+01  1.11E+01
4.33E400 3.46E+01 3.24E+00 8.65E+00 1.14E+01  1.13E+01

Continued on next page

147



Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

4.35E+00 3.53E+01 3.30E4+00 8.82E+00 1.17E+01  1.15E+01
4.37E+00 3.60E+01 3.36E+00 8.99E+00 1.19E+01  1.17E+01
4.39E+00 3.67E+01 343E4+00 9.16E4+00 1.21E+01  1.20E+01
4.41E400 3.74E+01 3.50E+00 9.34E+00 1.23E4+01  1.22E+01
4.43E400 3.81E+01 3.56E+00 9.52E+00 1.26E+01  1.24E+01
4.45E400 3.88E+01 3.63E+00 9.70E+00 1.28E+01  1.27E+01
4.ATE+00 3.96E-+01 370E4+00  9.89E+00  1.31E+01  1.29E+01
4.49E+00 4.04E+01 3.77E4+00 1.01E+01  1.33E4+01  1.32E+01
4.51E+00 4.11E+01 3.85E400 1.03E+01  1.36E+01  1.34E+01
4.53E400 4.19E+01 3.92E400 1.05E+01 1.38E+01  1.37E+01
4.55E400 4.27E+01 400E4+00 1.07E401  1.41E+01  1.40E+01
4.57E+00 4.36E+01 407E4+00  1.09E4+01  1.44E+401  1.42E+01
4.59E+00 4.44E+01 415E400 1.11E401  1.47E+01  1.45E+01
4.61E+00 4.53E+01 423E400 1.13E+01  1.50E+01  1.48E-+01
4.63E+00 4.62E+01 4.32E400 1.15E+01  1.52E4+01  1.51E+01
4.65E+00 4.70E+01 440E4+00 1.I18E+01  1.55E+01  1.54E-+01
4.67E+00 4.80E+01 448E+00 1.20E+01 1.58E+01  1.57E+01
4.69E+00 4.89E+01 457E+00 1.22E+01 1.61E+01  1.60E+01
4.71E+00 4.98E+01 4.66E+00 1.24E+01  1.65E+01  1.63E-+01
4.73E+00 5.08E-+01 A75E4+00 1.27E+01  1.68E+01  1.66E-+01
4.75E+00 5.18E+01 484E4+00 1.29E+01 1.71E4+01  1.69E+01
4.7TE400 5.28E+01 494E4+00 1.32E+01 1.74E+01  1.72E+01
4.79E+00 5.38E-+01 5.03E+00 1.34E+01  1.78E4+01  1.76E+01
4.81E+00 5.48E+01 5.13E4+00 1.37E+01  1.81E4+01  1.79E+01
4.83E+00 5.59E+01 5.23E+00 1.40E+01  1.85E4+01  1.83E+01
4.85E400 5.70E+01 5.33E+00 142E+01  1.88E+01  1.86E-+01
4.87E+00 5.81E+01 543E+00 145E+01  1.92E4+01  1.90E+01
4.89E+00 5.92E+01 5.54E+00 1.48E+01  1.96E4+01  1.93E+01
4.91E+00 6.04E+01 5.64E+00 151E+01  1.99E4+01  1.97E+01
4.93E400 6.15E+01 5.75E+00 1.54E+01  2.03E4+01  2.01E+01
4.95E400 6.27E+01 5.87E+00  1.57E+01  2.07E4+01  2.05E+01
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

4.97E+00 6.39E+01 5.98E+00 1.60E+01  2.11E+01  2.09E+01
4.99E400 6.52E+01 6.09E+00 1.63E+01 2.15E+01  2.13E+01
5.01E+00 6.64E+01 6.21E+00 1.66E+01 2.19E4+01  2.17E+01
5.03E+00 6.77E+01 6.33E4+00  1.69E+01  2.24E+01  2.21E+01
5.05E+00 6.90E+01 6.46E+00 1.72E+01  2.28E+01  2.25E+01
5.07E+00 7.04E+01 6.58E+00 1.76E+01  2.32E+01  2.30E-+01
5.09E+00 7.17E+01 6.71E+00 L79E+01  2.37E+01  2.34E+01
5.11E+00 7.31E+01 6.84E+00 1.83E+01 241E+01  2.39E+01
5.13E+00 7.45E+01 6.97E+00 1.86E+01  2.46E+01  2.43E+01
5.15E+00 7.60E+01 7.10E4+00 1.90E+01  251E+01  248E+01
5.17E+00 7.7AE+01 7.24E4+00 1.93E+01  2.56E+01  2.53E+01
5.19E+00 7.89E+01 7.38E+00 1.97E+01  2.61E4+01  2.58E+01
5.21E+00 8.05E+01 7.53E4+00 2.01E+01  2.66E+01  2.63E+01
5.23E+00 8.20E+01 7.67E+00  2.05E+01  2.71E+01  2.68E+01
5.25E+00 8.36E-+01 7.82E4+00 2.09E+01  2.76E+01  2.73E+01
5.27E+00 8.52E+01 7.97E+00 2.13E+01  2.81E4+01  2.78E+01
5.29E+00 8.69E+01 8.12E400 2.17TE+01  2.87E+01  2.84E+01
5.31E+00 8.86E+01 8.28E+00 221E+01  2.92E+01  2.89E+01
5.33E+00 9.03E-+01 8.44E4+00 2.26E+01  2.98E+01  2.95E+01
5.35E+00 9.20E+01 8.61E+00 2.30E+01  3.04E+01  3.00E-+01
5.37E+00 9.38E-+01 8.77TE+00  2.34E+01  3.10E4+01  3.06E+01
5.39E+00 9.56E+01 8.94E+00 2.39E+01  3.16E+01  3.12E+01
5.41E+00 9.75E+01 9.12E4+00 2.44E+01  3.22E4+01  3.18E+01
5.43E+00 9.94E+01 9.29E4+00 248E+01  3.28E+01  3.24E+01
5.45E+00 1.01E+02 947E+00 2.53E+01  3.34E+01  3.31E+01
5.47E+00 1.03E+02 9.65E+00 2.58E+01  3.41E+01  3.37E+01
5.49E+00 1.05E+02 9.84E4+00 2.63E+01  3.48E+01  3.44E+01
5.51E+00 1.07E+02 1.00E+01  2.68E+01 3.54E+01  3.50E+01
5.53E+00 1.09E+02 1.02E+01  2.73E4+01  3.61E+01  3.57E+01
5.55E+00 1.11E+02 1.04E+01  2.78E+01  3.68E+01  3.64E+01
5.57E+00 1.14E+02 1.06E+01  2.84E+01 3.75E+01  3.71E+01
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

5.59E+00 1.16E+02 1.08E+01  2.80E+01 3.82E+01  3.78E+01
5.61E+00 1.18E+02 1.10E+01  2.95E+01 3.90E+01  3.85E+01
5.63E-+00 1.20E+02 1.13E+01  3.01E4+01  3.97E+01  3.93E+01
5.65E+00 1.23E+02 1.15E+01  3.07E4+01  4.05E+01  4.01E+01
5.67E+00 1.25E+02 1.I7TE+01  3.12E4+01  4.13E+01  4.08E+01
5.69E+00 1.27E+02 1.19E4+01  3.18B401 4.21E4+01  4.16E+01
5.71E+00 1.30E+02 1.22E+01  3.25E4+01  4.29E+01  4.24E+01
5.73E+00 1.32E+02 1.24E+01  3.31E4+01  4.37E+01  4.32E+01
5.75E+00 1.35E+02 1.26E+01  3.37E+01  4.46E+01  4.41E+01
5.77E+00 1.38E+02 1.29E+01  3.44E+01  4.55E+01  4.49E+01
5.79E+00 1.40E+02 1.31E+01  3.51E+01  4.63E+01  4.58E+01
5.81E+00 1.43E+02 1.34E+01  3.57E+01  4.72E+01  4.67TE+01
5.83E+00 1.46E+02 1.36E+01  3.64E+01 4.81E+01  4.76E+01
5.85E+00 1.49E+02 1.39E+01  3.71E4+01  4.91E+01  4.85E+01
5.87E+00 1.51E+02 1.42E+01  3.78E4+01  5.00E+01  4.95E+01
5.89E+00 1.54E+02 1.44E+01  3.86E+01  5.10E+01  5.04E+01
5.91E+00 1.57E+02 1.47E+01  3.93E4+01  5.20E+01  5.14E+01
5.93E+00 1.60E+02 1.50E+01  4.01E4+01  5.30E+01  5.24E+01
5.95E-+00 1.64E+02 1.53E+01  4.09E4+01  5.40E+01  5.34E+01
5.97E+00 1.67E+02 1.56E+01  4.17E4+01  5.51E+01  5.44E+01
5.99E+00 1.70E+02 1.59E+01  4.25E4+01  5.61E+01  5.55E+01
6.01E+00 1.73E+02 1.62E+01  4.33E4+01  5.72E+01  5.66E+01
6.03E-+00 1.77E+02 1.65E+01  4.41E+01  5.83E+01  5.77E+01
6.05E-+00 1.80E+02 1.68E+01  4.50E+01  5.94E+01  5.88E+01
6.07E+00 1.84E+02 1.72E+01  4.58E+01  6.06E+01  5.99E+01
6.09E+00 1.87E+02 1.75E+01  4.67E+01  6.18E+01  6.11E+01
6.11E+00 1.91E+02 1.78E+01  4.76E4+01  6.30E+01  6.23E+01
6.13E+00 1.94E+02 1.82E+01  4.86E+01  6.42E+01  6.35E+01
6.15E+00 1.98E+02 1.85E+01  4.95E4+01  6.54E+01  6.47E+01
6.17E+00 2.02E+02 1.89E+01  5.05E+01  6.67E+01  6.59E+01
6.19E-+00 2.06E+02 1.93E+01  5.14E4+01  6.80E+01  6.72E+01
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

6.21E+00 2.10E+02 1.96E+01  5.24E+01  6.93E+01  6.85E+01
6.23E+00 2.14E+02 2.00E+01  5.34E+01  7.06E+01  6.98E+01
6.25E-+00 2.18E+02 2.04E+01 545E+01  7.20E4+01  7.12E+01
6.27E+00 2.22E+02 2.08E+01  555E+01  7.34E+01  7.26E+01
6.29E+00 2.27E+02 2.12E+01  5.66E+01  7.48E+01  7.40E+01
6.31E+00 2.31E+02 2.16E+01  5.77TE+01  7.63E+01  7.54E+01
6.33E-+00 2.35E+02 2.20E+01 5.88E+01 7.77E4+01  7.69E+01
6.35E-+00 2.40E+02 2.24E+01  6.00E+01  7.92E4+01  7.84E+01
6.37E+00 2.45E+02 2.29E+01  6.11E+01  8.08E+01  7.99E+01
6.39E+00 2.49E+02 2.33E+01  6.23E+01  8.23E+01  8.14E+01
6.41E+00 2.54E+02 2.38E+01  6.35E+01  8.39E+01  8.30E+01
6.43E+00 2.59E+02 2.42E+01  6.47E+01  8.56E+01  8.46E+01
6.45E+00 2.64E+02 247E+01  6.60E+01  8.72E+01  8.62E+01
6.47E+00 2.69E+02 2.52E+01  6.73E+01  8.80E+01  8.79E+01
6.49E+00 2. 7TAE+02 2.57E+01  6.86E+01  9.06E+01  8.96E+01
6.51E+00 2.80E+02 2.62E+01  6.99E+01  9.24E+01  9.13E+01
6.53E+00 2.85E+02 2.67E+01  7.12E+01  9.42E+01  9.31E+01
6.55E+00 2.91E+02 2.72E+01  7.26E+01  9.60E+01  9.49E+01
6.57E-+00 2.96E+02 2.77E+01  7.40E+01  9.79E4+01  9.67E+01
6.59E+00 3.02E+02 2.82E+01  7.55E+01  9.97E+01  9.86E+01
6.61E+00 3.08E+02 2.88E+01  7.69E+01  1.02E4+02  1.01E+02
6.63E+00 3.14E+02 2.94E+01  7.84E+01  1.04E4+02  1.02E+02
6.65E-+00 3.20E+02 2.99E+01  7.99E+01  1.06E+02  1.04E+02
6.67E+00 3.26E+02 3.05E4+01 8.15E+01  1.08E+02  1.06E+02
6.69E+00 3.32E+02 3.11E4+01 831E+01  1.10E4+02  1.09E+02
6.71E+00 3.39E+02 317E+01  8A47E+01  1.12E+402  1.11E+02
6.73E-+00 3.45E+02 3.23E+01  8.63E+01  1.14E+4+02  1.13E+02
6.75E+00 3.52E+02 3.29E4+01 8.80E+01 1.16E+02  1.15E+02
6.77E+00 3.59E+02 3.36E+01 8.97E+01  1.19E4+02  1.17E+02
6.79E+00 3.66E+02 342E401  9.14E+01  1.21E+4+02  1.19E+02
6.81E-+00 3.73E+02 3.49E+01  9.32E+01  1.23E4+02  1.22E+02
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

6.83E+00 3.80E+02 3.56E+01  9.50E+01  1.26E+02  1.24E+02
6.85E+00 3.88E+02 3.62E+01  9.68E+01  1.28E4+02  1.27E+02
6.87E-+00 3.95E+02 3.69E+01  9.87E+01  1.30E4+02  1.29E+02
6.89E+00 4.03E+02 3.77E4+01  1.01E+02  1.33E4+02  1.31E+02
6.91E+00 4.11E+02 3.84E401 1.03E+02 1.36E+02  1.34E+02
6.93E+00 4.18E+02 3.91E+01 1.05E+02 1.38E+02  1.37E+02
6.95E-+00 4.27E+02 3.99E+01  1.07E+02 1.41E+02  1.39E+02
6.97E+00 4.35E+02 407E+01  1.09E4+02  1.44E+402  1.42E+402
6.99E+00 4.43E+02 414E401 1.11E+02  1.46E+02  1.45E+02
7.01E+00 4.52E+02 422E401 1.13E+02  1.49E+02  1.48E+02
7.03E+00 4.61E+02 431E4+01  LISE+02  1.52E4+02  1.50E+02
7.05E+00 4.69E+02 439E+01 LI7E4+02  1.55E+02  1.53E+02
7.07E+00 4.79E+02 448E+01 1.20E+02 1.58E+02  1.56E-+02
7.09E+00 4.88E+02 456E+01 1.22E+02 1.61E+02  1.59E+02
7.11E+00 4.97E+02 465E+01 1.24E+02  1.64E+02  1.62E+02
7.13E+00 5.07E+02 AT4E4+01  1.27E+02  1.67E+02  1.65E+02
7.15E+00 5.17E+02 483E+01 1.29E+02 1.71E4+02  1.69E+02
7.17E+00 5.27E+02 493E+01  1.32E+02 1.74E+02  1.72E+02
7.19E+00 5.37E+02 5.02E4+01  1.34E+02  1.77E4+02  1.75E+02
7.21E+00 5.47E+02 5.12E+01  1.37E+02  1.81E4+02  1.79E+02
7.23E+00 5.58E+02 522E+01  1.39E+02  1.84E+02  1.82E+02
7.25E+00 5.69E+02 5.32E+01  142E+02  1.88E+02  1.86E-+02
7.27E+00 5.80E+02 5.42E+01  145E+02  1.91E4+02  1.89E+02
7.29E+00 5.91E+02 5.53E+01  1.48E+02  1.95E4+02  1.93E+02
7.31E+00 6.02E+02 5.63E+01  150E+02  1.99E4+02  1.97E+02
7.33E+00 6.14E+02 5.74E+01  153E+02  2.03E4+02  2.00E-+02
7.35E+00 6.26E+02 585E+01  1.56E+02  2.07E+02  2.04E+02
7.37E+00 6.38E-+02 5.97E+01  1.59E+02  2.11E+02  2.08E+02
7.39E+00 6.50E+02 6.08E+01 1.62E+02 2.15E+02  2.12E+02
7.41E+00 6.63E+02 6.20E+01 1.66E+02 2.19E+02  2.16E+02
7.43E+00 6.76E-+02 6.32E401  1.69E+02  2.23E+02  2.21E+02
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Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

7.45E+00 6.89E+02 6.44E+01  1.72E+02 2.27E+02  2.25E+02
7.47TE+00 7.02E+02 6.57E+01  1.75E+02  2.32E+02  2.29E+02
7.49E+00 7.16E+02 6.69E+01 L79E+02  2.36E+02  2.34E+02
7.51E+00 7.30E+02 6.82E+01  1.82E+02 241E+02  2.38E+02
7.53E+00 7.44E+02 6.95E+01 1.86E+02 2.46E+02  2.43E+02
7.55E+00 7.58E+02 7.09E+01  1.89E+02  2.50E+02  2.48E-+02
7.57E+00 7.73E+02 7.23E401  1.93E+02  2.55E+02  2.52E+02
7.59E+00 7.88E+02 7.37E+01  1.97E+02  2.60E4+02  2.57E-+02
7.61E+00 8.03E+02 751E+01  2.01E+02  2.65E+02  2.62E-+02
7.63E+00 8.19E+02 7.65E+01  2.04E+02 2.70E+02  2.67E-+02
7.65E-+00 8.34E+02 7.80E+01  2.08E+02  2.76E+02  2.72E+02
7.67E+00 8.51E+02 7.95E4+01  2.12E+02  2.81E+02  2.78E+02
7.69E+00 8.67E+02 8.11E+01  2.17TE+02  2.86E+02  2.83E+02
7.71E+00 8.84E+02 8.26E+01 221E+02  2.92E+02  2.89E+02
7.73E+00 9.01E+02 8.42E+01  2.25E+02  2.97E+02  2.94E+02
7.75E+00 9.18E+02 8.59E+01  2.29E+02  3.03E+02  3.00E+02
7.77E+00 9.36E+02 8.75E+01  2.34E+02  3.09E+02  3.06E+02
7.79E+00 9.54E+02 8.92E+01  2.38E+02 3.15E+02  3.12E+02
7.81E+00 9.73E+02 9.10E4+01  243E+02  3.21E4+02  3.18E+02
7.83E+00 9.92E+02 9.27E+01  248E+02  3.27TE+02  3.24E+02
7.85E+00 1.01E+03 9.45E+01  2.53E+402  3.34E+02  3.30E+02
7.87E+00 1.03E403 9.63E+01  257E+02  3.40E+02  3.36E+02
7.89E+00 1.05E+03 9.82E4+01  2.62E+02  3.47E+02  3.43E+02
7.91E+00 1.07E+03 1.00E+02  2.67E+02  3.54E+02  3.50E+02
7.93E+00 1.09E+03 1.02E+02  2.73E+02  3.60E+02  3.56E+02
7.95E+00 1.11E403 1.04E+02  2.78E+02 3.67E+02  3.63E+02
7.97E+00 1.13E+03 1.06E+02  2.83E4+02 3.74E+02  3.70E+02
7.99E+00 1.16E+03 1.08E+02  2.80E+02 3.82E+02  3.77E+02
8.01E+00 1.18E403 1.10E+02  2.94E+02 3.89E+02  3.85E+02
8.03E+00 1.20E+03 1.12E+02  3.00E4+02 3.97E+02  3.92E+02
8.05E-+00 1.22E+03 1.14E+02  3.06E+02  4.04E+02  4.00E+02

Continued on next page

153



Table A.3 (cont’d) CoH default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3

8.07E+00 1.25E403 L1TE4+02  3.12E402  4.12E4+02  4.07E+02
8.09E+00 1.27E+03 1.19E+02  3.18E+02 4.20E+02  4.15E+02
8.11E+00 1.30E+03 1.21E+02  3.24E+02  4.28E+02  4.23E+02
8.13E+00 1.32E+03 1.24E+02  3.30E4+02  4.36E+02  4.32E+02
8.15E+00 1.35E+03 1.26E+02  3.37E+02  4.45E+02  4.40E+02
8.17E+00 1.37E+03 1.28E+02  3.43E+02  4.54E+02  4.48E+02
8.19E+00 1.40E+03 1.31E+02  3.50E+02  4.62E+02  4.57E+02
8.21E+00 1.43E403 1.33E+02  3.57E+02  4.71E+02  4.66E+02
8.23E+00 1.45E403 1.36E+02  3.63E4+02 4.80E+02  4.75E+02
8.25E+00 1.48E+03 1.39E+02  3.70E+02  4.90E+02  4.84E+02
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Table A.4: EMPIRE default NLD for "*Zn including spin-dependent NLD for J=0-5. An equal parity distribution is assumed.

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3 J=4 J=5

0.000 0.00E+00 0.00E+00  0.00E+00  0.00E+00  0.00E400  0.00E+00  0.00E+00
0.106 8.86E-02 373E-02  4.13E-02  9.39E-03  6.63E-04  1.59E-05  1.35E-07
0.212 9.59E-02 2.97E-02  4.44E-02  1.84E-02  3.18E-03  2.52E-04  9.52E-06
0.318 1.16E-01 2.93E-02  5.03E-02  2.75E-02  7.25E-03  1.01E-03  7.62E-05
0.424 1.44E-01 3.13E-02  5.85E-02  3.80BE-02  1.29E-02  252E-03  2.93E-04
0.530 1.80E-01 347E-02  6.89E-02  5.03E-02  205E-02  5.06E-03  7.89E-04
0.637 2.27E-01 3.93E-02  8.15E-02  6.50E-02  3.02E-02  8.90E-03  1.73E-03
0.743 2.85E-01 451E-02  9.68E-02  8.27E-02  4.26E-02  1.44E-02  3.32E-03
0.849 3.58E-01 521E-02  1.15E-01  1.04E-01  581E-02  220E-02  5.83E-03
0.955 4.49E-01 6.06E-02  1.37E-01  1.30BE-01  7.75E-02  3.22E-02  9.56E-03
1.061 5.60E-01 7.06E-02  1.63E-01  1.60E-01  1.02E-01  4.55E-02  1.49E-02
1.167 6.96E-01 8.25E-02  1.93E-01  1.97E-01  1.31E-01  6.28E-02  2.24FE-02
1.273 8.63E-01 9.65E-02  2.29E-01  240E-01  1.67E-01  849E-02  3.25B-02
1.379 1.07E+00 1.13E-01  2.72E-01  292E-01  211E-01  1.13E-01  4.60E-02
1.485 1.31E+00 1.32E-01  3.22E-01  3.53E-01  2.65E-01  1.48E-01  6.37E-02
1.591 1.61E+00 1.55E-01  3.80E-01  4.26E-01  3.20E-01  1.91E-01  8.67E-02
1.697 1.97E+00 1.81E-01  4.49E-01  5.12E-01  4.06E-01  245E-01  1.16E-01
1.803 2.40E+00 2.11E-01  529E-01  6.13E-01  4.98E-01  3.11E-01  1.54E-01
1.909 2.93E+00 247E-01  6.22E-01  7.33E-01  6.09E-01  3.91E-01  2.01E-01
2.016 3.55E+00 2.88E-01  7.31E-01  8.73E-01  7.40E-01  4.88E-01  2.59E-01
2.122 4.30E+00 3.36E-01  858E-01  1.04E+00 897E-01  6.06E-01  3.32BE-01
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Table A.4 (cont’d) EMPIRE default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3 J=4 J=5

2.228 5.19E+00 3.91E-01 1.01E+00 1.23E+00 1.08E4+00  7.49E-01  4.22E-01
2.334 6.25E+00 456E-01  1.18E+00 1.45E+00 1.30E+00  9.19E-01  5.33E-01
2.440 7.51E+00 5.30E-01  1.38E+00 1.72E+00 1.56E+00 1.12E+00  6.67E-01
2.546 9.01E+00 6.16E-01  1.61E+00 2.02E+00 1.86E+00 1.37E+00  8.31E-01
2.652 1.08E+401 7.15E-01  187E+00 2.38E+00 222E+00 1.66E+00  1.03E+00
2.758 1.20E401 8.29E-01  2.18E+00 2.79E+00  2.64E+00 2.00E+00  1.27E+00
2.864 1.54E401 9.60E-01  2.54E+00 3.27E+00 3.12E400 2.41E+00  1.56E+00
2.970 1.83E4-01 1.11IE+00  2.95E4+00 3.83E+00 3.69E+00  2.89E+00  1.90E-+00
3.076 2.17E+01 1.20E4+00  3.42E4+00  4.47E4+00  4.36E4+00  3.46E+00  2.31E+00
3.182 2.58E+01 1.49E4+00  3.96E4+00 5.22E4+00 5.13E+00 4.12E4+00  2.80E+00
3.288 3.05E+01 1.72E+00  4.59E+00 6.08E+00 6.03E+00 4.91E4+00  3.38E-+00
3.395 3.61E+01 1.98E+00  5.31E4+00 7.07E+00 7.08E+00  5.82E400  4.07E-+00
3.501 4.26E+01 2.28E+00  6.13E+00 8.22E+00 8.29E+00  6.89E+00  4.89E+00
3.607 5.02E+01 2.63E4+00 7.08E+00  9.53E4+00 9.70E+00 8.14E+00  5.85E400
3.713 5.91E+01 3.02E400 8.17E+00 1.11E+01  1.13E4+01  9.60E+00  6.98E+00
3.819 6.95E-+01 347E4+00 9.41E+00 1.28E+01  1.32E4+01  1.I13E+01  8.30E+00
3.925 8.15E+01 3.99E400 1.08E+01 1.48E+01 1.54E+01 1.33E+01  9.86E+00
4.031 9.56E+01 458E+00 1.25E+01 1.71E+01  1.79E4+01 1.56E+01  1.17E+01
4.137 1.12E+02 5.25E+00 143E+01  1.97E4+01 2.07E+01 1.82E+01  1.38E+01
4.243 1.31E+02 6.02E+00 1.64E+01  2.27E+01  2.40E+01  2.13E+01  1.63E+01
4.349 1.53E+02 6.89E+00 1.89E+01  2.62E+01 2.78E+01 248E+01  1.92E+01
4.455 1.78E+02 789E+00 2.16E+01  3.01E4+01 3.22E+01 2.89E+01  2.26E+01
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Table A.4 (cont’d) EMPIRE default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3 J=4 J=5

4.561 2.08E+02 9.02E400 248E+01  3.46E+01 3.72E+01 3.36E+01  2.65E+01
4.668 2.42E+02 1.03E+01  2.84E+01 3.98E+01 4.30E+01  3.91E4+01  3.10E+01
4.774 2.82E+02 1.18E+01  3.25E4+01  4.56E+01  4.95E+01  4.53E+01  3.63E+01
4.880 3.27E+02 1.34E+01  3.71E4+01  5.23E+01 5.70E+01  5.26E+01  4.24E+01
4.986 3.80E+02 1.53E+01  4.24E+01  6.00E+01  6.56E+01  6.08E+01  4.94E+01
5.092 4.41E+02 1.75E+01  4.84E+01 6.86E+01  7.55E+01  7.03E+01  5.75E+01
5.198 5.10E+02 1.99E+01  5.52E+01 7.85E+01 8.67E+01  8.12E+01  6.69E+01
5.304 5.91E+02 2.27E+01  6.29E+01  8.98E+01 9.95E+01  9.37E+01  7.76E+01
5.410 6.83E+02 258E+01  7.17E+01  1.03E+02 1.14E+02 1.08E+02  9.01E+01
5.516 7.90E+02 2.94E+01 8.17E+01  1.17E4+02 1.31E+02 1.24E+02  1.04E+02
5.622 9.12E+02 3.34E401  9.29E+01  1.34E+02  1.50E+02 143E+02  1.21E+02
5.728 1.05E+03 3.79E+01  1.06E+02  1.52E+02 1.71E4+02 1.64E+02  1.40E+02
5.834 1.21E403 431E4+01  1.20E+02 1.74E+02 1.96E+02 189E+02  1.61E+02
5.940 1.40E+03 489E+01  1.37E+402  1.98E+02 224E+4+02 217E+02  1.86E+02
6.047 1.61E+03 5.54E+01  155E+02  2.25E4+02 2.55E+02 248E+02  2.14E+02
6.153 1.85E+03 6.29E+01 1.76E+02 2.56E+02 2.91E+02 2.85E+02  2.47E+02
6.259 2.13E+03 7.13E+01  2.00E+02 2.91E+02 3.32E+02 3.26E+02  2.84E+02
6.365 2.45E+03 8.08E+01 227E+02  3.30E+02 3.79E+02 3.73E+02  3.26E+02
6.471 2.79E+03 9.08E+01  2.55E+02  3.73E4+02  4.28E+02 4.23E+02  3.72E+02
6.577 3.11E+03 9.99E4+01 2.81E+02 4.11E+02 4.74E+02 4.70E+02  4.15E+02
6.683 3.47E+03 1.10E+02  3.09E4+02 4.53E+02 523E+02  5.20E+02  4.62E-+02
6.789 3.85E+03 1.21E+02  3.40E+02 4.98E+02 5.77E+02  5.76E+02  5.12E+02
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Table A.4 (cont’d) EMPIRE default NLD

E; (MeV)  Total NLD (MeV~1) J=0 J=1 J=2 J=3 J=4 J=5

6.895 4.27E+03 1.32E+02  3.72E4+02 547E+02  6.35E+02  6.35E+02  5.68E-+02
7.001 4.72E+03 1.45E+02  4.08E+02 6.00E+02 6.98E+02  7.00E+02  6.28E-+02
7.107 5.22E+03 1.58E+02  4.46E+02  6.57E+02  7.66E+02  7.70E4+02  6.93E-+02
7.213 5.75E+03 1.72E+02  4.87E+02  7.18E+02 8.39E+02 8.46E+02  7.64E-+02
7.319 6.33E+03 1.88E+02  5.30E+02 7.84E+02 9.17TE+02  9.27E+02  8.40E-+02
7.426 6.96E+03 2.04E+02 5.77E+02  854E+02 1.00E+03 1.02E+03  9.22E+02
7.532 7.63E+03 2.220E+02  6.27TE+02  9.20E4+02  1.09E+03 1.11E+03  1.01E+03
7.638 8.36E+03 2.40E+02 6.80E+02 1.01E4+03 1.19E+03 1.21E+03  1.11E+03
7.744 9.14E+03 2.60E+02 7.37TE+02  1.09E4+03 1.29E+03 1.32E+03  1.21E+03
7.850 9.97E+03 2.81E+02 7.97E+02 1.19E4+03 1.40E+03 143E+03  1.32E+03
7.956 1.09E+04 3.03E4+02 8.60E+02 1.28E+03 1.51E+03  1.55E+03  1.43E+03
8.062 1.18E404 327E+02  927E+02  1.38E+03  1.64E+03  1.68E+03  1.55E+03
8.168 1.28E+4-04 3.52E+02 9.98E+02 1.49E+03 1.77E+03 1.82E+03  1.68E+03
8.274 1.39E4-04 378E+02 1.07E+03  1.60E+03 1.90E+03  1.96E+03  1.82E+03
8.380 1.50E+04 4.05E+02 1.15E+03  1.72E+03  2.05E+03 2.12E+03  1.97E+03
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Table A.5: EMPIRE default NLD for “4Zn including spin-dependent NLD for J=6-10. An equal parity distribution is assumed.

E; (MeV)  Total NLD (MeV~1) J=6 J=7 J=8 J=9 J=10

0.000 0.00E+00 0.00E+00  0.00E+00  0.00E4+00  0.00E+00  0.00E+00
0.106 8.86E-02 0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00
0.212 9.59E-02 1.74E-07  1.55E-09  0.00E400  0.00E+00  0.00E+00
0.318 1.16E-01 321E-06  7.59E-08  0.00E+00  0.00E400  0.00E-+00
0.424 1.44E-01 2.06E-05  884E-07  234E-08  0.00E+00  0.00E+00
0.530 1.80E-01 7.90E-05  5.13E-06  2.18E-07  6.08E-09  0.00E+00
0.637 2.27E-01 2.26E-04  1.99E-05  1.20E-06  4.97E-03  0.00E-+00
0.743 2.85E-01 5.32E-04  5.98E-05  4.74E-06  2.67E-07  1.07E-08
0.849 3.58E-01 1.10E-03  1.50E-04  149E-05  1.07E-06  5.67E-08
0.955 4.49E-01 2.07E-03  3.32E-04  3.94E-05  3.50E-06  2.32E-07
1.061 5.60E-01 3.63E-03  6.66E-04  9.23E-05  9.74E-06  T7.85E-07
1.167 6.96E-01 6.02E-03  1.24E-03  1.96E-04  2.40E-05  2.28E-06
1.273 8.63E-01 9.54E-03  2.17E-03  3.86E-04  5.38E-05  5.90E-06
1.379 1.07E+00 1.46E-02  3.62E-03  7.13E-04  1.11E-04  1.39E-05
1.485 1.31E+00 2.16E-02  5.81E-03  1.25E-03  2.16E-04  3.01E-05
1.591 1.61E+00 3.12E-02  9.01E-03  210E-03  3.97E-04  6.10E-05
1.697 1.97E+00 441E-02  1.36E-02  3.40E-03  6.97E-04  1.17E-04
1.803 2.40E+00 6.13E-02  2.00E-02  5.34E-03  1.18E-03  2.15E-04
1.909 2.93E+00 8.37E-02  2.87E-02  8.15E-03  1.92E-03  3.78E-04
2.016 3.55E+00 1.13E-01  4.06E-02  1.22E-02  3.05E-03  6.42E-04
2.122 4.30E+00 1.50E-01  5.64E-02  1.78E-02  4.71E-03  1.06E-03
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Table A.5 (cont’d) EMPIRE default NLD

E; (MeV)  Total NLD (MeV~1) J=6 J=7 J=8 J=9 J=10

2.228 5.19E+00 1.97E-01  7.72E-02  255E-02  7.12E-03  1.69E-03
2.334 6.25E+00 2.57E-01  1.04E-01  3.60E-02  1.05E-02  2.64E-03
2.440 7.51E+00 3.32E-01  1.40E-01  5.00E-02  1.53E-02  4.03E-03
2.546 9.01E+00 425E-01  1.85E-01  6.86E-02  2.19E-02  6.03E-03
2.652 1.08E401 540E-01  242E-01  9.30E-02  3.09E-02  8.87E-03
2.758 1.20E401 6.82E-01  3.14E-01  1.25E-01  4.29E-02  1.28E-02
2.864 1.54E401 8.55E-01  4.05E-01  1.66E-01  5.90E-02  1.83E-02
2.970 1.83E+01 1.07E+00  5.18E-01  2.18E-01  8.01E-02  2.58E-02
3.076 2.17E+01 1.33E+00  6.58E-01  2.85E-01  1.08E-01  3.59E-02
3.182 2.58E+01 1.64E+00  8.30E-01  3.69E-01  1.44E-01  4.93E-02
3.288 3.05E+01 2.0lE+00 1.04E+00 4.74E-01  1.90E-01  6.71E-02
3.395 3.61E+01 2.46E+00 1.30E+00  6.05E-01  2.49E-01  9.05E-02
3.501 4.26E-+01 3.00E+00 1.62E4+00  7.69E-01  3.23E-01  1.21E-01
3.607 5.02E+01 3.65E400 2.00E+00 9.71E-01  4.18E-01  1.60E-01
3.713 5.91E+01 442E400 247E+00 1.22B400  5.36E-01  2.11E-01
3.819 6.95E-+01 5.34E+00 3.03E+00 1.52E+00  6.84E-01  2.75E-01
3.925 8.15E+01 6.42E+00 3.70E+00 1.90E4+00  8.68E-01  3.57E-01
4.031 9.56E+01 7.70E+00  4.50E+00  235E+00 1.10E+00  4.60E-01
4.137 1.12E+02 9.22E+00 547E+00  2.90E+00  1.38E+00  5.90E-01
4.243 1.31E+02 1.10E+01  6.61E4+00 3.56E+00 1.72E+00  7.51E-01
4.349 1.53E+02 1.31E+01  7.98E4+00 4.36E+00 2.14E+00  9.53E-01
4.455 1.78E+02 1.56E4+01  9.59E4+00  5.31E+00  2.66E4+00  1.20E+00
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Table A.5 (cont’d) EMPIRE default NLD

E; (MeV)  Total NLD (MeV~1) J=6 J=7 J=8 J=9 J=10

4.561 2.08E+02 1.85E+01  1.15E4+01  6.46E+00 3.28E+00  1.51E400
4.668 2.42E+02 2.18E+01  1.38E+01  7.83E+00 4.04E+00  1.89E+00
4.774 2.82E+02 2.58E+01  1.64E+01  9.47E+00  4.95E+00  2.35E+00
4.880 3.27E+02 3.04E4+01  1.96E+01  1.14E401  6.05E400  2.92E+00
4.986 3.80E+02 357E+01  2.33E+01  1.37E4+01  7.36E+00  3.61E+00
5.092 4.41E+02 420E+01  276E+01  1.65E+01  8.94E+00  4.44E+00
5.198 5.10E+02 492E+01 327E+01  1.97E+01  1.08E+01  5.45E+00
5.304 5.91E+02 5.76E+01  3.86E+01  2.35E4+01 1.31E+01  6.67E+00
5.410 6.83E+02 6.73E+01  455E+01  2.80E+01  1.58E+01  8.14E+00
5.516 7.90E+02 7.85E+01  5.35E+01  3.33E+01  1.89E+01  9.90E+00
5.622 9.12E+02 9.15E+01  6.29E+01  3.95E+01 227E+01  1.20E+01
5.728 1.05E+03 1.07TE+02  7.38E401 4.67E+01  2.72E+01  1.45E401
5.834 1.21E+03 1.24E+02  8.65E+01 5.52E+01  3.24E+01  1.75E401
5.940 1.40E+03 1.44E+02  1.01E402 6.52E+01  3.86E+01  2.11E401
6.047 1.61E+03 1.67E+02  1.18E4+02 7.68E+01  4.59E+01  2.54E401
6.153 1.85E+03 1.93E+02  1.38E4+02  9.03E+01  545E+01  3.04E401
6.259 2.13E+03 2.23E+02 1.61E+02 1.06E4+02 6.45E+01  3.64E+01
6.365 2.45E+03 258E+02  1.87E+02  1.24E+02  7.63E+01  4.34E+01
6.471 2.79E+03 2.97E+02  2.16E+02  1.45E4+02 9.00E+01  5.17E+01
6.577 3.11E+03 3.32E+02 244E+02 1.65E+02 1.03E4+02  5.95E+01
6.683 3.47E+03 371E+02  2.74E+02 1.86E+02 1.17E+02  6.83E+01
6.789 3.85E+03 414E+402  3.07E+02  210E+02 1.33E+02  7.82E+01
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Table A.5 (cont’d) EMPIRE default NLD

E; (MeV)  Total NLD (MeV~1) J=6 J=7 J=8 J=9 J=10

6.895 4.27E+03 461E+02 343E+02 2.36E+02 1.50E+02  8.92E+01
7.001 4.72E+03 5.12E+02  3.83E+02  2.65E+02 1.70E+02  1.01E+02
7.107 5.22E+03 5.67E+02  4.27E+02  2.97E+02 1.92E+02  1.15E+02
7.213 5.75E+03 6.28E+02 4.74E+02  3.32E+02 2.15E+02  1.30E-+02
7.319 6.33E+03 6.93E+02 5.26E+02 3.70E4+02 241E+02  1.47E+02
7.426 6.96E+03 7.64E+02 5.82E+02 4.11E+02  270E+02  1.65E+02
7.532 7.63E+03 8A0E+02  6.43E+02 4.56E+02 3.01E+02  1.86E-+02
7.638 8.36E+03 9.22E+02 7.09E+02  5.05E+02 3.35E+02  2.08E+02
7.744 9.14E+03 1.01E+03  7.79E4+02  5.58E+02 3.72E+02  2.32E402
7.850 9.97E+03 1.10E4+03  855E+02  6.15E4+02  4.13E4+02  2.59E+02
7.956 1.09E+404 1.21E+03  9.37TE+02  6.77E+02  4.56E+02  2.87E+02
8.062 1.18E+404 1.31E+03  1.03E4+03  743E+02 5.03E+02  3.19E402
8.168 1.28E+4-04 143E+03  1.12E403  8.15E+02 554E+02  3.53E402
8.274 1.39E4-04 1.55E+03  1.22E403  8.91E+02  6.09E+02  3.89E402
8.380 1.50E+04 1.68E+03  1.33E+03  9.73E+02  6.67TE+02  4.20E402
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Table A.6: TALYS default SF for “4Zn.

v-ray Energy (MeV) f(M1) (MeV™3) f(E1) (MeV—3) 7SF (MeV—3)
0.001 0.000E+00 1.108E-08 1.108E-08
0.002 1.532E-12 1.108E-08 1.108E-08
0.005 3.830E-12 1.108E-08 1.109E-08
0.010 7.660E-12 1.109E-08 1.109E-08
0.020 1.532E-11 1.110E-08 1.111E-08
0.050 3.830E-11 1.112E-08 1.116E-08
0.100 7.661E-11 1.117E-08 1.125E-08
0.200 1.533E-10 1.126E-08 1.141E-08
0.300 2.302E-10 1.135E-08 1.158E-08
0.400 3.073E-10 1.144E-08 1.175E-08
0.500 3.848E-10 1.154E-08 1.192E-08
0.600 4.628E-10 1.163E-08 1.210E-08
0.700 5.413E-10 1.173E-08 1.227E-08
0.800 6.204E-10 1.183E-08 1.245E-08
0.900 7.002E-10 1.193E-08 1.263E-08
1.000 7.809E-10 1.204E-08 1.282E-08
1.100 8.625E-10 1.214E-08 1.301E-08
1.200 9.451E-10 1.226E-08 1.320E-08
1.300 1.029E-09 1.237E-08 1.340E-08
1.400 1.114E-09 1.249E-08 1.361E-08
1.500 1.200E-09 1.262E-08 1.382E-08
1.600 1.288E-09 1.275E-08 1.403E-08
1.700 1.377E-09 1.288E-08 1.426E-08
1.800 1.468E-09 1.302E-08 1.449E-08
1.900 1.561E-09 1.317E-08 1.473E-08
2.000 1.656E-09 1.332E-08 1.498E-08
2.200 1.853E-09 1.365E-08 1.550E-08
2.400 2.059E-09 1.401E-08 1.606E-08
2.600 2.276E-09 1.440E-08 1.667E-08
2.800 2.505E-09 1.483E-08 1.733E-08
3.000 2.749E-09 1.530E-08 1.805E-08
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Table A.6 (cont’d) TALYS default vSF for "4Zn.

y-ray Energy (MeV)  f(M1) (MeV™3) f(E1) (MeV~3) ASF (MeV~3)
3.200 3.008E-09 1.582E-08 1.883E-08
3.400 3.286E-09 1.639E-08 1.967E-08
3.600 3.584E-09 1.701E-08 2.059E-08
3.800 3.904E-09 1.769E-08 2.160E-08
4.000 4.251E-09 1.844E-08 2.269E-08
4.500 5.254E-09 2.064E-08 2.589E-08
5.000 6.509E-09 2.338E-08 2.989E-08
5.500 8.110E-09 2.679E-08 3.490E-08
6.000 1.019E-08 3.103E-08 4.122E-08
6.500 1.295E-08 3.628E-08 4.922E-08
7.000 1.662E-08 4.278E-08 5.940E-08
7.500 2.150E-08 5.083E-08 7.233E-08
8.000 2.776E-08 6.083E-08 8.858E-08
8.500 3.503E-08 7.326E-08 1.083E-07
9.000 4.173E-08 8.877E-08 1.305E-07
9.500 4.502E-08 1.082E-07 1.532E-07
Table A.7: CoH default 4SF for "4Zn.
~-ray Energy (MeV) f(M1) (MeV—3) f(E1) (MeV—3) ASF (MeV—3)
0.05 5.419E-12 5.542E-09 5.548E-09
0.10 1.084E-11 5.531E-09 5.542E-09
0.15 1.626E-11 5.519E-09 5.535E-09
0.20 2.169E-11 5.507E-09 5.529E-09
0.25 2.713E-11 5.495E-09 5.522E-09
0.30 3.257E-11 5.483E-09 5.515E-09
0.35 3.802E-11 5.470E-09 5.508E-09
0.40 4.348E-11 5.457E-09 5.501E-09
0.45 4.896E-11 5.444E-09 5.493E-09
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Table A.7 (cont’d) CoH default ~SF for Zn.

y-ray Energy (MeV)  f(M1) (MeV™3) f(E1) (MeV~3) ASF (MeV~3)
0.50 5.445E-11 5.431E-09 5.485E-09
0.55 5.995B-11 5.418E-09 5.478E-09
0.60 6.547E-11 5.404E-09 5.470E-09
0.65 7.102E-11 5.391E-09 5.462E-09
0.70 7.658E-11 5.377E-09 5.453E-09
0.75 8.216E-11 5.363E-09 5.445E-09
0.80 8.777TE-11 5.349E-09 5.437E-09
0.85 9.341E-11 5.335E-09 5.429E-09
0.90 9.907E-11 5.321E-09 5.420E-09
0.95 1.048E-10 5.307E-09 5.412E-09
1.00 1.105E-10 5.293E-09 5.403E-09
1.05 1.162E-10 5.278E-09 5.394E-09
1.10 1.220E-10 5.264E-09 5.386E-09
1.15 1.279E-10 5.250E-09 5.377E-09
1.20 1.337E-10 5.235E-09 5.369E-09
1.25 1.396E-10 5.221E-09 5.360E-09
1.30 1.456E-10 5.206E-09 5.352E-09
1.35 1.516E-10 5.192E-09 5.343E-09
1.40 1.576E-10 5.178E-09 5.335E-09
1.45 1.637E-10 5.163E-09 5.327E-09
1.50 1.698E-10 5.149E-09 5.319E-09
1.55 1.760E-10 5.135E-09 5.311E-09
1.60 1.822E-10 5.121E-09 5.303E-09
1.65 1.885E-10 5.107E-09 5.295E-09
1.70 1.949E-10 5.093E-09 5.288E-09
1.75 2.013E-10 5.079E-09 5.280E-09
1.80 2.078E-10 5.065E-09 5.273E-09
1.85 2.143E-10 5.052E-09 5.266E-09
1.90 2.209E-10 5.038E-09 5.259E-09
1.95 2.276E-10 5.025E-09 5.252E-09
2.00 2.343E-10 5.012E-09 5.246E-09
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Table A.7 (cont’d) CoH default ~SF for Zn.

y-ray Energy (MeV)  f(M1) (MeV™3) f(E1) (MeV~3) ASF (MeV~3)
2.05 2.412E-10 4.999E-09 5.240E-09
2.10 2.481E-10 4.986E-09 5.234E-09
2.15 2.550E-10 4.974E-09 5.229E-09
2.20 2.621E-10 4.961E-09 5.224E-09
2.25 2.693E-10 4.949E-09 5.219E-09
2.30 2.765E-10 4.938E-09 5.214E-09
2.35 2.838E-10 4.926E-09 5.210E-09
2.40 2.913E-10 4.915E-09 5.206E-09
2.45 2.988E-10 4.904E-09 5.202E-09
2.50 3.064E-10 4.893E-09 5.199E-09
2.55 3.141E-10 4.883E-09 5.197E-09
2.60 3.220E-10 4.872E-09 5.194E-09
2.65 3.299E-10 4.863E-09 5.193E-09
2.70 3.380E-10 4.853E-09 5.191E-09
2.75 3.461E-10 4.844E-09 5.190E-09
2.80 3.544E-10 4.836E-09 5.190E-09
2.85 3.628E-10 4.827E-09 5.190E-09
2.90 3.714E-10 4.820E-09 5.191E-09
2.95 3.801E-10 4.812E-09 5.192E-09
3.00 3.889E-10 4.805E-09 5.194E-09
3.05 3.978E-10 4.799E-09 5.196E-09
3.10 4.069E-10 4.792E-09 5.199E-09
3.15 4.162E-10 4.787E-09 5.203E-09
3.20 4.256E-10 4.782E-09 5.207E-09
3.25 4.352E-10 4.7TTTE-09 5.212E-09
3.30 4.449E-10 4.773E-09 5.218E-09
3.35 4.548E-10 4.770E-09 5.224E-09
3.40 4.649E-10 4.767E-09 5.232E-09
3.45 4.751E-10 4.764F-09 5.239E-09
3.50 4.856E-10 4.763E-09 5.248E-09
3.55 4.962E-10 4.761E-09 5.258E-09
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Table A.7 (cont’d) CoH default ~SF for Zn.

y-ray Energy (MeV)  f(M1) (MeV™3) f(E1) (MeV~3) ASF (MeV~3)
3.60 5.070E-10 4.761E-09 5.268E-09
3.65 5.180E-10 4.761E-09 5.279E-09
3.70 5.293E-10 4.762E-09 5.291E-09
3.75 5.407E-10 4.763E-09 5.304E-09
3.80 5.524E-10 4.765E-09 5.318E-09
3.85 5.643E-10 4.768E-09 5.333E-09
3.90 5.764E-10 4.772E-09 5.348E-09
3.95 5.888E-10 4.776E-09 5.365E-09
4.00 6.014E-10 4.782F-09 5.383E-09
4.05 6.143E-10 4.788E-09 5.402E-09
4.10 6.275E-10 4.794E-09 5.422E-09
4.15 6.409E-10 4.802E-09 5.443E-09
4.20 6.546E-10 4.810E-09 5.465E-09
4.25 6.686E-10 4.820E-09 5.488E-09
4.30 6.829E-10 4.830E-09 5.513E-09
4.35 6.975E-10 4.841E-09 5.539E-09
4.40 7.125E-10 4.854F-09 5.566E-09
4.45 7.277E-10 4.867E-09 5.594E-09
4.50 7.433E-10 4.881E-09 5.624E-09
4.55 7.593E-10 4.896E-09 5.655E-09
4.60 7.756E-10 4.912E-09 5.688E-09
4.65 7.923E-10 4.930E-09 5.722E-09
4.70 8.094E-10 4.948E-09 5.757E-09
4.75 8.269E-10 4.967E-09 5.794E-09
4.80 8.448E-10 4.988E-09 5.833E-09
4.85 8.631E-10 5.010E-09 5.873E-09
4.90 8.819E-10 5.033E-09 5.915E-09
4.95 9.012E-10 5.057E-09 5.958E-09
5.00 9.209E-10 5.083E-09 6.004E-09
5.05 9.410E-10 5.110E-09 6.051E-09
5.10 9.617E-10 5.138E-09 6.100E-09
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Table A.7 (cont’d) CoH default ~SF for Zn.

y-ray Energy (MeV)  f(M1) (MeV™3) f(E1) (MeV~3) ASF (MeV~3)
5.15 9.829E-10 5.167E-09 6.150E-09
5.20 1.005E-09 5.198E-09 6.203E-09
5.25 1.027E-09 5.231E-09 6.258E-09
5.30 1.050E-09 5.264E-09 6.314E-09
5.35 1.073E-09 5.300E-09 6.373E-09
5.40 1.097E-09 5.336E-09 6.434E-09
5.45 1.122E-09 5.375E-09 6.497E-09
5.50 1.147E-09 5.414E-09 6.562E-09
5.55 1.174E-09 5.456E-09 6.629E-09
5.60 1.200E-09 5.499E-09 6.699E-09
5.65 1.228E-09 5.544E-09 6.771E-09
5.70 1.256E-09 5.590E-09 6.846E-09
5.75 1.285E-09 5.639E-09 6.924E-09
5.80 1.315E-09 5.689E-09 7.004E-09
5.85 1.345E-09 5.741E-09 7.086E-09
5.90 1.377E-09 5.795E-09 7.171E-09
5.95 1.409E-09 5.851E-09 7.260E-09
6.00 1.442E-09 5.908E-09 7.351E-09
6.05 1.476E-09 5.968E-09 7.445E-09
6.10 1.512E-09 6.030E-09 7.542E-09
6.15 1.548E-09 6.094E-09 7.642E-09
6.20 1.585E-09 6.160E-09 7.745E-09
6.25 1.623E-09 6.229E-09 7.852E-09
6.30 1.662E-09 6.299E-09 7.962E-09
6.35 1.703E-09 6.372E-09 8.075E-09
6.40 1.745E-09 6.448E-09 8.192E-09
6.45 1.788E-09 6.525E-09 8.313E-09
6.50 1.832E-09 6.606E-09 8.437E-09
6.55 1.877E-09 6.688E-09 8.566E-09
6.60 1.924E-09 6.774E-09 8.698E-09
6.65 1.972E-09 6.862E-09 8.834E-09
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Table A.7 (cont’d) CoH default ~SF for Zn.

y-ray Energy (MeV)  f(M1) (MeV™3) f(E1) (MeV~3) ASF (MeV~3)
6.70 2.022E-09 6.953E-09 8.974E-09
6.75 2.073E-09 7.046E-09 9.119E-09
6.80 2.125E-09 7.142E-09 9.268E-09
6.85 2.180E-09 7.242E-09 9.421E-09

Table A.8: EMPIRE default 4SF for "Zn.

v-ray Energy (MeV) vSF (MeV™3) vSF (mb/MeV)
0.106 3.223E-12 3.942E-06
0.212 1.290E-11 3.154E-05
0.318 2.903E-11 1.065E-04
0.424 5.163E-11 2.526E-04
0.530 8.073E-11 4.936E-04
0.636 1.163E-10 8.537E-04
0.743 1.585E-10 1.357E-03
0.849 2.073E-10 2.028E-03
0.955 2.626E-10 2.891E-03
1.061 3.247E-10 3.971E-03
1.167 3.935E-10 0.294E-03
1.273 4.691E-10 6.885E-03
1.379 5.516E-10 8.769E-03
1.485 6.410E-10 1.097E-02
1.591 7.374E-10 1.353E-02
1.697 8.410E-10 1.646E-02
1.803 9.517E-10 1.979E-02
1.909 1.070E-09 2.355E-02
2.016 1.195E-09 2.777E-02
2.122 1.328E-09 3.249E-02
2.228 1.469E-09 3.773E-02
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Table A.8 (cont’d) EMPIRE default vSF for "Zn.

v-ray Energy (MeV) ASF (MeV—3) vSE (mb/MeV)
2.334 1.617E-09 4.352E-02
2.440 1.774E-09 4.989E-02
2.546 1.938E-09 5.689E-02
2.652 2.111E-09 6.454E-02
2.758 2.292E-09 7.288E-02
2.864 2.482E-09 8.194E-02
2.970 2.680E-09 9.177E-02
3.076 2.887E-09 1.024E-01
3.182 3.104E-09 1.139E-01
3.288 3.330E-09 1.262E-01
3.395 3.565E-09 1.395E-01
3.501 3.810E-09 1.538E-01
3.607 4.066E-09 1.690E-01
3.713 4.331E-09 1.854E-01
3.819 4.607E-09 2.028E-01
3.925 4.894E-09 2.215E-01
4.031 5.193E-09 2.413E-01
4.137 5.502E-09 2.624E-01
4.243 5.824E-09 2.849E-01
4.349 6.157E-09 3.087E-01
4.455 6.503E-09 3.340E-01
4.561 6.862E-09 3.609E-01
4.668 7.235E-09 3.893E-01
4.774 7.620E-09 4.194E-01
4.880 8.020E-09 4.512E-01
4.986 8.435E-09 4.848E-01
5.092 8.864E-09 0.204E-01
5.198 9.309E-09 2.579E-01
5.304 9.770E-09 2.974E-01
5.410 1.025E-08 6.392E-01
5.516 1.074E-08 6.832E-01
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Table A.8 (cont’d) EMPIRE default vSF for "Zn.

v-ray Energy (MeV) ySF (MeV—3) vSE (mb/MeV)
5.622 1.125E-08 7.295E-01
5.728 1.179E-08 7.783E-01
5.834 1.234E-08 8.297E-01
5.940 1.290E-08 8.838E-01
6.047 1.349E-08 9.406E-01
6.153 1.410E-08 1.000E4-00
6.259 1.474E-08 1.063E4-00
6.365 1.539E-08 1.129E4-00
6.471 1.607E-08 1.199E+-00
6.577 1.677E-08 1.272E4-00
6.683 1.750E-08 1.348E4-00
6.789 1.826E-08 1.429E4-00
6.895 1.904E-08 1.513E+-00
7.001 1.985E-08 1.602E4-00
7.107 2.069E-08 1.695E4-00
7.213 2.156E-08 1.793E4-00
7.319 2.246E-08 1.895E4-00
7.426 2.340E-08 2.003E+400
7.532 2.437E-08 2.116E+4-00
7.638 2.538E-08 2.234E4-00
7.744 2.642E-08 2.359E+-00
7.850 2.751E-08 2.489E4-00
7.956 2.863E-08 2.626E4-00
8.062 2.980E-08 2.770E+4-00
8.168 3.101E-08 2.920E+-00
8.274 3.227E-08 3.078E+400
8.380 3.358E-08 3.244E4-00
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APPENDIX B

Matrices used in the daughter and background subtraction for the decay of L2730
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Figure B.1: (Top Left) Starting 2D matrix for the analysis of the § decay of "1Co using the
B-Oslo method (includes daughter decay and random correlation, or background, contribu-
tions). (Top Right) Matrix with daughter decay component that was subtracted from the

starting matrix. (Bottom) Matrix with the background component from random correlations
that was subtracted from the starting matrix.
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B-Oslo method (includes daughter decay and random correlation, or background, contribu-
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APPENDIX C

Fits to experimental ySF (upper and lower limits)
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Figure C.1: Fit to experimental vSFs for "'Ni using the HFBCS model (strength 3 in TALYS)
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