
ABSTRACT

LOKITZ, STEPHEN JARED. A High-Resolution Study of p + 44Ca Reactions. (Under

the direction of Dr. Gary E. Mitchell and Dr. John F. Shriner, Jr.)

A high resolution measurement of the cross-sections of the 44Ca(p,p0) and
44Ca(p,p1)

reactions was performed over the energy range Ep = 2.50–3.53 MeV to improve the purity

and completeness of the 45Sc level sequences. A specific goal was the investigation of

possible parity-dependence of the level densities of 45Sc. This research was performed at

the High Resolution Laboratory at Triangle Universities Nuclear Laboratory. The data

were measured at five angles and the observed cross-sections were fit with the multilevel,

multichannel, R-matrix code MULTI6. Many levels were observed for the first time, and

many levels were reassigned different quantum numbers. A total of ∼800 resonances were

observed.

The purity and completeness of the 45Sc data were tested via several statistical

analyses: the nearest-neighbor spacing distribution, the reduced width distribution, and

the Dyson-Mehta ∆3 statistic. The results of the statistical analyses were mixed. The

s-wave resonance sequence compares very well with random matrix predictions. The other

sequences do not agree well with GOE predictions, suggesting missing and/or misassigned

levels.

The experimental nearest-neighbor spacings were compared to the Wigner distri-

bution to identify anomalously large (small) spacings which imply missing (misassigned)

levels. The number of anomalous spacings has been reduced, indicating improved purity

and completeness of the data. In particular the small spacing anomalies proved to be a very

useful and practical analysis tool. The level densities were determined using two methods

to correct for missing levels. Uncertainties in the level densities have been significantly

reduced. No evidence of parity dependence in the level densities of 45Sc was observed.
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Chapter 1

Introduction

Level densities have been investigated experimentally and theoretically for more than

50 years. The many practical applications of level densities have attracted interest from

a variety of fields. Many experiments at the High Resolution Laboratory at the Triangle

University Nuclear Laboratory have been performed over the last thirty years to determine

the level densities of many different nuclei.

Level densities are usually determined by direct counting of observed nuclear states.

Because experimental limitations have always produced imperfect data, even the best data

may not allow precise determination of the level densities. However, recent research has

produced improved analytic techniques that better determine the fraction of missing levels

in a sequence. A better estimate of the completeness of a sequence will allow a more accurate

determination of the level densities [Agv03b]. The application of these methods to several

sets of data previously measured has produced improved results. However, the application

to one data set resulted in results which have caused a reassessment of the quality of the

previous data.

The p + 44Ca reaction has been very well studied. The quality of the measurements

made in these experiments was considered excellent. However, the application of the level

density corrections to the 45Sc compound nucleus data has produced interesting results.

The corrected level densities of the compound nucleus 45Sc suggested a parity-dependence
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of the level densities [Agv03a]. The uncertainties in these level densities precluded definitive

conclusions.

A by-product of the observed fraction corrections is an analysis method (the spac-

ing anomaly analysis method) which provides a qualitative assessment of the purity and

completeness of experimental sequences. By comparing the nearest-neighbor spacing dis-

tribution, anomalous spacings which indicate potential misassigned or missing levels are

revealed. This analysis indicated many specific suspected misassigned levels and many sus-

pected general locations of unobserved resonances in the 45Sc data. The apparent parity

dependence of the level densities in 45Sc can be questioned because of the large number of

anomalies present in the data.

One goal of the present experiment was to investigate the specific resonances that

the spacing anomaly analysis indicated were problematic. If the spacing anomalies can

be removed, then the level densities will be better determined. Several factors have led

to the conclusion that the experimental conditions have improved sufficiently to justify a

re-investigation of the p + 44Ca reactions. Recent experiments at the High Resolution Lab-

oratory have shown that the beam resolution of the system has been improved. Passivated

implanted planar silicon charged-particle detectors can measure the cross-sections of the in-

elastic channels with greatly reduced background. Faster computers allow a more detailed

analysis of the cross-section data. Thus weaker resonances should be observed, and more

accurate Jπ assignments should be made. With higher quality resonance parameters, the

level densities should be determined more accurately. With the level densities determined

with reduced uncertainties, the observed parity dependence of the level densities can be

evaluated more precisely.

The previous experiments that investigated the p + 44Ca reactions were performed

over a period of fifteen years [Wil75, Shr82, Shr83, Smi89] with vastly different experimental

conditions and different methods of analysis. The different data sets are of uneven quality

and reliability. The present experiment remeasured the 44Ca(p,p0) and 44Ca(p,p1) cross-

sections over the chosen energy range to produce one continuous data set of consistent
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quality.

This experiment measured the differential cross-sections for the 44Ca(p,p0) and

44Ca(p,p1) reactions for five angles over the energy range Ep = 2.50–3.53 MeV using 1.1–

1.5 µg/cm2 thick 44Ca targets. The experiment was performed using the modified KN-3000

Van de Graaff proton accelerator at the High Resolution Laboratory at the Triangle Uni-

versity Nuclear Laboratory. Excellent results were obtained. The observed resonances were

sorted into sequences which were tested statistically for completeness and purity. The level

densities were determined with improved precision. The parity-dependence of the level den-

sities with improved uncertainties was investigated, and the validity of the spacing anomaly

analysis method was examined.

This work consists of seven chapters and four appendices. In the next chapter,

an overview of the relevant parts of random matrix theory will be presented along with

a discussion of two methods that estimate the observed fraction of levels in a sequence.

Statistical tests of data quality are also described. Chapter 3 presents a brief description

of the R-matrix theory used to analyze the cross-section data. Chapter 4 describes the

experimental apparatus used to perform this experiment.

Chapter 5 describes the determination of resonance parameters and gives a com-

parison of the resonances observed in this experiment with those from the previous work.

Chapter 6 shows the results of several of the statistical analyses of the data. The nearest-

neighbor spacing distributions and reduced width distributions are compared to theoretical

predictions. The J-dependence and parity-dependence of the corrected level densities are

investigated. Chapter 7 presents a summary of this experiment and the results.

Four appendices are included in this thesis. In Appendix A, the observed differential

cross-section data and the theoretical fits for the 44Ca(p,p0) and the 44Ca(p,p1) reactions

are presented. Appendix B lists the resonance parameters both in order of Ep and sorted by

Jπ. Appendix C lists the adopted levels of 45Ca used to identify analog resonances in 45Sc.

Appendix D presents the results of the procedure which unfolds the energy dependence of

the level densities.



Chapter 2

Statistical Analyses

The goal of the present experiment is to obtain pure and complete 45Sc level se-

quences to measure accurately the level densities of 45Sc and to test the applicability of

the spacing analysis postulated by Agvaanluvsan [Agv02]. Agvaanluvsan analyzed the 45Sc

level sequences measured by Smith [Smi89]. The analysis produced evidence of a possible

parity dependence of the level densities [Agv03a]. However, this analysis also suggested a

large number of possible quantum number misassignments and missing levels. This chapter

describes the relevant theoretical issues for such an analysis. Section 2.1 describes random

matrix theory (RMT) and several statistics used to analyze nuclear spectra. Section 2.2 dis-

cusses the determination of f , the fraction of states observed for an experimental sequence.

Section 2.3 describes the spacing anomaly analysis and a new method to evaluate a mixed

distribution of two GOE sequences.

2.1 Random Matrix Theory

RMT is the theory used to describe statistical properties of nuclear resonances. A

comprehensive review was presented by Guhr et al. [Guh98]; the general theory is described

by Mehta [Meh91]. The Gaussian orthogonal ensemble (GOE) is the appropriate version

of RMT when the system is time-reversal-invariant and rotationally symmetric. The GOE
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introduces an ensemble of random Hamiltonian matrices H which are real and symmetric.

The nuclear Hamiltonian is treated as a random variable with a probability distribution

P (H). To obtain the explicit form of the probability distribution, the distribution is as-

sumed to be independent of the choice of basis vectors and the independent elements of H

are assumed to be statistically independent. The explicit form of P (H) can be shown to be

P (H) = e−a tr(H
2)+b tr(H)+c (2.1)

where a, b, and c are constants, and

tr(Hj) =
N
∑

k=1

λjk; (2.2)

here the λk are the eigenvalues of the nuclear Hamiltonian H. Each matrix H is assumed

to describe equally probable interactions between particles. The GOE does not account

for the dynamical properties of the nuclear Hamiltonian. However, statistical properties of

nuclear level sequences can be investigated by examining the fluctuations about the averages

of certain observables. The GOE makes parameter-free predictions about the fluctuation

properties of nuclear spectra but says nothing about the dynamical properties.

2.1.1 Reduced Width Distribution

The probability distribution of the reduced widths (γ2) of a sequence of levels is

one test used to investigate the completeness of a nuclear sequence. A sequence of levels

is defined as a set of levels all having the same quantum numbers (in this work, J and π).

The GOE prediction for the distribution of the reduced widths of a sequence is called the

Porter-Thomas distribution [Por56] and has the form

P (y) =
1√
2πy

e−
y
2 . (2.3)

Here y =
γ2
λ

〈γ2〉
, where γ2λ is the reduced width for level λ and 〈γ2〉 is the average reduced width

for all levels in the sequence. The Porter-Thomas distribution predicts a large probability for

obtaining very small widths. The distribution is not valid globally because the distribution
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is energy independent and requires a constant average reduced width. To describe this

property globally, another quantity, the strength function S is used

S =
〈γ2〉
D

(2.4)

where D is the mean level spacing. Alternatively, the spreading width Γ↓ = 2πS can be used

to describe the global characteristics of the reduced widths of a sequence. Since the mean

level spacing changes exponentially with increasing energy, the characterization “global”

may be questionable. However, 〈γ2〉 also effectively changes exponentially with increasing

energy because the complexity of the eigenstates grows strongly with increasing energy

[Guh98] such that these exponential dependencies cancel in Γ↓ and S. These parameters

are then suitable for describing the global properties of the reduced width distribution.

2.1.2 Nearest-Neighbor Spacing Distribution

The nearest-neighbor spacing distribution (NNSD) represents one of the key results

of any of the ensembles of RMT. The NNSD provides information about the short-range

order of the eigenvalues. The probability density function describes the probability of finding

two adjacent levels with a spacing s [Guh98]. It is convenient and conventional to work with

the dimensionless variable x, defined as the ratio of the spacing between adjacent levels (s)

and the average spacing between levels (D)

x =
s

D
. (2.5)

A system that follows the GOE statistics has a probability distribution approxi-

mately of the form

PGOE(x) =
π

2
xe−

πx2

4 . (2.6)

This distribution is the Wigner distribution [Wig57]. As illustrated in Figure 2.1, PGOE(x)

approaches zero as x approaches zero. This “level repulsion” is one of the key predictions

of the GOE for the nearest-neighbor spacing distribution.
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Figure 2.1: Nearest neighbor spacing distributions. The upper graph shows the probability
function, P (x). The lower graph shows F (x), the integral of P (x). The solid lines represent
the GOE distribution and the dashed lines represent the Poisson distribution.

If a sequence contains a random set of uncorrelated energy levels with no special

symmetries, the system will obey Poisson statistics. This distribution has the form

PPoisson(x) = e−x. (2.7)

This Poisson distribution has behavior quite different from the Wigner distribution at x = 0;

the probability density function has its maximum at x = 0.

Histograms can in some cases be very sensitive to the choices of bins, and therefore

the integral of the probability density function is also used to compare NNSD data with the

predicted distributions. The integral of P (x) is defined as F (x), the definite integral over

an intermediate variable x′ from zero to x,

F (x) =

∫ x

0
P (x′)dx′. (2.8)
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Integrating Equations 2.7 and 2.6 gives:

FPoisson(x) = 1− e−x (2.9)

FGOE(x) = 1− e−πx2

4 (2.10)

Figure 2.1 illustrates the differences in P (x) and F (x) for the Poisson and GOE distribu-

tions.

2.1.3 Dyson-Mehta ∆3 Statistic

The Dyson-Mehta ∆3 statistic [Dys63] was developed to investigate long-range or-

der. The Dyson-Mehta ∆3 statistic for a sequence of levels from Emin to Emax is

∆3 = min
A,B

(

1

Emax − Emin

∫ Emax

Emin

[N(E)−AE −B]2dE

)

, (2.11)

where the parameters A and B are parameters of the best straight line fit to the integral

of the level density, N(E):

N(E) =

∫ E

0
ρ(E)dE. (2.12)

This statistic can be expressed as a function of L, the number of average spacings in an

interval. For Poisson statistics

∆3poisson(L) =
L

15
. (2.13)

For GOE statistics, ∆3 must be evaluated numerically. For large values of L, ∆3 approaches

the value

∆3GOE ≈
1

π2
(lnL− 0.0687). (2.14)

Figure 2.2 illustrates ∆3 for Poisson and GOE distributions.

2.2 Missing Level Analysis

Level densities are often measured by direct counting of compound nuclear states.

However, because no experiment will ever produce perfect data, corrections must be made
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Figure 2.2: The Dyson-Mehta ∆3 statistic is plotted as a function of L, the number of
average spacings. Theoretical predictions are shown for Poisson (dashed line) and GOE
(solid line) distributions.

to the data to account for unobserved levels and to estimate the uncertainties introduced

by the corrections. Two methods to estimate the number of missing levels in a sequence

were described by Agvaanluvsan et al. [Agv02, Agv03b], a standard width analysis method

and a new spacing analysis method. A brief description of both methods is presented here.

2.2.1 Width Analysis Method

The width analysis method uses the reduced widths, γ2, to estimate the observed

fraction of levels in a sequence. Some levels will remain unobserved due to the finite exper-

imental threshold of observation. A perfect sequence (no missing or spurious levels) follows

the Porter-Thomas distribution (Equation 2.3). An imperfect sequence can be described

by a modified Porter-Thomas distribution which accounts for the distorted experimental

distribution. This method includes only the effects of missing levels.

The width analysis method that Agvaanluvsan [Agv02] follows is that of Fröhner

[Frö80]. The distribution of reduced widths is assumed to be a truncated Porter-Thomas
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distribution,

Pf (y) =



























0 : y < y0

1

erfc

(

√

y0/2

)

e−y/2
√

2πy
: y ≥ y0

. (2.15)

Applying the maximum likelihood technique to this distribution leads to the equation

〈γ2〉 = 〈γ2〉obs
(

1 +

√

2y0
π

e−y0/2

erfc
√

y0/2

)−1
. (2.16)

The solution to Equation 2.16 is obtained by calculating 〈γ21〉 from the experimentally

obtained value of 〈γ2obs〉. The calculated value of 〈γ21〉 is entered into the right-hand side of

Equation 2.16 as 〈γ2obs〉 and a new value 〈γ22〉 is computed. The process is repeated until the

value entered into the right-hand side of Equation 2.16, 〈γ2n−1〉, and the calculated result

〈γ2n〉 converge. This final value of 〈γ2n〉 is then compared with the observed value, 〈γ2obs〉, to

obtain the observed fraction of levels in a sequence.

2.2.2 Spacing Analysis Method

The nearest-neighbor spacing distribution for a perfect GOE sequence follows the

Wigner distribution. Experimental data are almost always incomplete. Unlike the reduced

width distribution where widths are usually missed because they are too small to observe,

the missing levels in the spacing analysis are randomly distributed. When levels are missing,

the nearest-neighbor spacing distribution will not be described accurately by the Wigner

distribution since some observed nearest neighbors are not actually nearest neighbors.

The distribution for the spacing of an imperfect sequence can be written as

P (z) =
∞
∑

k=0

akλp(k;λz). (2.17)

The parameter z is defined as z ≡ fx, where f is defined as f = Nobserved/Ntrue. The

relative contributions of the k-th nearest-neighbor spacing distribution p(k;λz) are given

by the parameters ak. The parameter λ describes the incompleteness of the sequence.

Several conditions are imposed upon Equation 2.17. The total probability of P (z)

must be normalized to unity, and the average value of z must be 1. The functions P (k;λz)
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must also be normalized to one and have average values of k + 1 when expressed in terms

of the variable x. These conditions are expressed by the two constraints

∞
∑

k=0

ak = 1, (2.18)

∞
∑

k=0

ak(k + 1) = λ. (2.19)

The parameters ak can be determined by defining an entropy

S{ak} = −
∞
∑

k=0

ak ln ak (2.20)

along with two Lagrange multipliers α and β for the two constraints (Equation 2.18 and

Equation 2.19). Maximizing the entropy requires

δ

{

−
∞
∑

k=0

ak ln ak − α
∞
∑

k=0

ak − β
∞
∑

k=0

(k + 1)ak

}

= 0. (2.21)

The values that maximize the entropy are ak = f(1− f)k and λ = 1/f . These values yield

the expression

P (x) =
∞
∑

k=0

f(1− f)kP (k;x). (2.22)

The maximum likelihood method is then applied to Equation 2.22 which generates

a value of f and a value for the uncertainty in f for a sequence. The two methods, spacing

and width, complement each other and provide independent tests of the missing fraction of

levels in a sequence.

2.3 Spacing Anomaly Analysis

If the expected distribution is known, information can be gained by comparing the

expected and experimental distributions. Section 2.2.2 described the comparison of the

nearest-neighbor spacing distributions of a sequence to the Wigner distribution to provide

an estimate of the percentage of missing levels in the sequence. While this is necessary for

accurate calculations of the nuclear level densities, the percentage of missing levels does
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not indicate specific regions where the missing levels are likely to be found. Section 2.3.1

describes a method that uses the nearest-neighbor spacing distributions to locate suspected

spacing anomalies, and Section 2.3.2 explains a new method that uses the value of the

nearest-neighbor spacing distribution at x = 0 to estimate the number of spurious levels in

a sequence.

2.3.1 Spacing Anomalies

The nearest-neighbor spacing distributions for nuclear level sequences are expected

to follow the Wigner distribution (Equation 2.6). Observed nearest-neighbor spacing distri-

butions for level sequences can be expressed in terms of the variable x ≡ s
D and compared

directly to the Wigner distribution. As shown in Section 2.2.2, this comparison to observed

data gives an indication of the percentage of missing levels. However, the locations of the

missing levels are unknown.

An anomalous spacing is defined as a nearest-neighbor spacing that has a value of x

that is either so small or so large as to be very unlikely given the Wigner distribution. Large

values of x suggest a missing (unobserved) level. Listed in Table 2.1 are the values of x for a

given confidence level. Sufficiently large spacings strongly suggest missing levels. However,

experimental evidence may be very difficult to obtain, since the resonance probably would

have already been observed if it were easy to detect. Some of the missing resonances will

be observed in the current experiment, but some will remain unobserved due to the finite

experimental threshold. Also, there is only limited information regarding the locations of

suspected missing levels. The energy interval suggested by a large spacing anomaly can

be large and may contain many other resonances with different quantum numbers. Thus,

correcting all large spacing anomalies with the current experimental methods is unlikely.

Corrections involving small spacing anomalies are more promising. Small values of

x indicate levels that are too close together and suggest a level with a misassigned quantum

number. Figure 2.3 shows the Wigner distribution and the values of x that are too small for

a given confidence level. To investigate small values of x, for convenience the inverse, 1/x,
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Table 2.1: Percentage of levels with spacings ≥ x.

x = s
D % of levels ≥ x

1.95 5 %

2.23 2 %

2.42 1 %

3.00 0.1 %

is considered. Table 2.2 lists the values of 1/x for a given confidence level. Small spacing

anomalies can be more easily investigated since the locations of both levels are already

known. Studying the pair of resonances that produced the small spacing with improved

resolution and determining the resonance parameters of these resonances with improved

confidence may produce a quantum number reassignment and eliminate the small spacing

anomaly. Thus, a small spacing anomaly should be easier to correct experimentally than a

large spacing anomaly, because the levels that produce a small spacing anomaly have always

been previously observed.

Table 2.2: Percentage of levels with spacings ≥ 1/x.

x = s
D 1/x % of levels ≥ 1/x

0.25 4.00 5 %

0.16 6.25 2 %

0.11 8.84 1 %

0.04 25.00 0.1 %

To identify the anomalous spacings, plots of x and 1/x are prepared. The normalized

nearest-neighbor spacings are plotted successively to identify anomalous spacings. These

plots also provide an immediate qualitative measure of the completeness and purity of a

sequence. Fewer anomalies in a sequence generally indicate fewer possible mistakes and

omissions. The x plots indicate specific regions where missing levels are likely to occur

while the 1/x plots indicate specific pairs of levels that may have a misassigned quantum
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Figure 2.3: The relative probability of small spacings for a Wigner distribution. The upper
graph shows the Wigner distribution. The dashed lines indicate the values of x for which
the probability of finding a value smaller than that value of x are 0.1%, 1%, 2%, and 5%.
The lower graph shows the small-x portion of the upper graph in greater detail.

number.

Figure 2.4 is the combined data for Jπ = 1
2

−
resonances in 45Sc from previous

work [Wil75, Shr82, Shr83, Smi89]. This figure illustrates the usefulness of this spacing

analysis method. The anomalies in the x plot are very likely to be produced by unobserved

levels in the sequence; x ≥ 4.0 has a probability of ∼ 1
106

. A value of 1/x ≥ 25 has a

probability ∼ 1
103

. The x and 1/x plots provide an approximate measure of the overall

quality of a sequence while suggesting specific levels that may be misassigned or energy

regions where levels may be missed.
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2

−
sequence before the current measurements.

The dashed lines represent the 2%, 1% and 0.1% confidence level.

2.3.2 P (0) Analysis

One flaw of the spacing anomaly analysis described in Section 2.3.1 is that only levels

with extreme spacings will be indicated by plotting x and 1/x. The method does not identify

misassignments or missing levels if the nearest-neighbor spacings are not anomalously large

or small. A method that does not depend on spacing anomalies to quantify the purity of a

sequence has been considered.

Spurious levels in a sequence are levels that have misassigned quantum numbers

and are placed in a sequence in which the level does not belong. The resulting nearest-

neighbor spacing distribution will be a mixture of GOE sequences instead of one as in the

pure and complete case. The nearest-neighbor spacing distribution for the mixing of GOE

sequences was formulated by Mehta [Meh91]. Although the general distribution is extremely
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complicated, it reduces to a very simple form at x = 0:

P (0) = 1−
n
∑

i

f2i , (2.23)

with fi being the relative probability of the mixed sequences. For proton resonance data,

the ambiguity in the fitting analysis reduces to mixing only two sequences, i.e., n = 2. P (0)

can then be written

P (0) = 1− f21 − f22 . (2.24)

Since f1 + f2 = 1, Equation 2.24 reduces to a quadratic of the form:

f21 − f1 +
P (0)

2
= 0. (2.25)

Thus, if P (0) can be determined for experimental data, then the number of spurious levels

in the sequence can also be determined. The number of spurious levels in a sequence will

be directly related to the overall quality of the sequence.



Chapter 3

Reaction Formalism

The most useful formalism for describing compound nuclear resonances is the R-matrix

theory, formulated by Wigner and Eisenbud [Wig46b, Wig46a, Wig47]. R-matrix theory

has been used very successfully to describe the charged-particle scattering cross-sections

measured at the High Resolution Laboratory. Section 3.1 contains a brief description of

R-matrix theory as formulated by Lane and Thomas [Lan58] and presented in many theses

[Wil73, Wat80, Nel83, Smi89]. Section 3.2 describes isobaric analog resonances (IAR).

3.1 R-Matrix Formalism

R-matrix theory makes several assumptions. R-matrix theory only describes non-

relativistic quantum mechanical systems. Three-body systems are not allowed unless con-

sidered as a succession of two-body reactions. Only reactions in which the initial and final

states consist of two particles are considered in this description of R-matrix theory. There

must be a distance beyond which the interaction between the two particles ceases. This

distance is called the “channel radius”.

For the present experiment, all of the above assumptions are valid. Since the nucleon

kinetic energy inside the nucleus is a few percent of the rest mass, non-relativistic quantum

mechanics is sufficient to describe the system. This experiment involved only the 44Ca(p,p0)
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and 44Ca(p,p1) reactions, and thus the two-body requirement is met. Finally, since nuclear

forces are short range, a “channel radius” ac can be defined.

R-matrix theory can be formulated in different representations. When used to de-

scribe the interaction of an unpolarized beam and target, the channel spin representation

is normally used. The spin of the target and the spin of the projectile are coupled to form

a channel spin, which is then coupled with the relative angular momentum of the target

and projectile to form the spin of the compound state. This method is used since the cross-

sections are incoherent in channel spin, and the total cross-section can be expressed as a

weighted sum of the cross-sections for each channel spin. The compound nucleus is cre-

ated via an “entrance” channel which consists of the projectile and target. The compound

nucleus then decays through an “exit” channel. Channels which are not allowed by some

conservation law are called “closed” while allowed channels are called “open”.

A pair of interacting nuclei is labelled by the letter α which specifies the quantum

states of each nucleus in the pair. The two nuclei have spins, I1 and I2, which are vector-

coupled to form the channel spin s. The resultant channel spin can assume values between

| I1 − I2 | and | I1 + I2 |. The two nuclear spins also have corresponding projections i1

and i2, and the channel spin has a projection ν. The relative orbital angular momentum `

and its projection m are also specified for the pair α. The channel spin, s, and the relative

angular momentum, `, are combined to give a resultant total angular momentum, J (with

projection M). A channel c for the pair α is then defined by the angular momentum

coupling {α(I1, I2)s`JM}. For variables that do not depend on angular momentum, we

can use either the channel label c or the pair label α without confusion. However, some

variables will refer only to a specific channel, and for those we must maintain the channel

label. In what follows, every effort is made to indicate this distinction.

Before solving the Schroedinger equation, the following quantities are useful to de-

fine. The interaction radius beyond which the nuclei labeled by c feel no mutual nuclear

intereaction is ac = aα, and the energy of the relative motion is Ec = Eα. The relative

position of particle two with respect to particle one is denoted by rα = rc. Other convenient
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definitions are:

the reduced mass of the system Mc =Mα =
Mα1Mα2

Mα1 +Mα2

,

the wave number kc = kα =

[

2MαEα

h̄2

]
1
2

,

the relative velocity vc = vα =
h̄kc
Mc

,

the Coulomb field parameter ηc = ηα =
Zα1Zα2e

2

h̄vα
,

and a dimensionless parameter ρc = ρα = kcrc.

To solve the Schroedinger equation, the radial space is separated into an external

region (rc > ac) and internal region (rc < ac). Only the Coulomb force is present in the

external region, and the Schroedinger equation can be solved exactly. The resulting external

wave functions are

ψextc =
χc(rc)uα`(rc)√

vc
, (3.1)

where

χc(rc) =

[

i`Y m
` (θα, φα)

rc

]

ψαsν (3.2)

are the surface wave functions which are mutually orthogonal and normalized at rc = ac.

The Y m
` are the usual spherical harmonics, and ψαsν are the channel spin wave functions

formed by the vector coupling of the spin wave functions of the two interacting nuclei. The

function uα` is the radial wave function which satisfies the following:

d2uα`
dr2c

+

[

2Mα

h̄2

]

[Ec − Vc]uα`(rc) = 0. (3.3)

The potential Vc includes both the Coulomb and “centrifugal” potential energies and has

the form:

Vc =
Zα1Zα2e

2

r2c
+
h̄2`(`+ 1)

2Mcr2c
. (3.4)

Obtaining the solutions to the radial wave functions by considering only the open

channels (Ec > 0) yields two linearly independent solutions, Fc and Gc. These solutions are
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the regular and irregular Coulomb functions [Jah60]. The general solutions of the radial

wave function are linear combinations of the regular and irregular Coulomb functions and

represent incoming and outgoing waves:

I+c = [Gc − Fc] eiωc (3.5)

and

O+c = [Gc + Fc] e
−iωc . (3.6)

The parameter ωc takes the form:

ωc = ωα` =
∑̀

n=1

tan−1
(

ηα
n

)

(3.7)

The complete channel wave functions which represent incoming and outgoing waves of unit

flux in the external region are then

Ic =
χc(rc)I

+
c√

vc
(3.8)

and

Oc =
χc(rc)O

+
c√

vc
. (3.9)

A collision matrix Ucc′ can be introduced in the general solution of the wave function

in the external region. The general solution can be expressed as a linear combination of Ic

and Oc. The solution chosen represents the external wave function for a particular incoming

wave and has the form

ψextc = Ic −
∑

c′

Ucc′Oc′ . (3.10)

The collision matrix is the amplitude of the outgoing wave in channel c′ which is associated

with a particular incoming wave in channel c. One example would be elastic scattering

which is described by Equation 3.10 when c = c′. All the information necessary to solve

the reaction problem is contained in the collision matrix. The collision matrix must be

expressed as an analytical function since the differential cross-sections can be calculated

from the collision matrix ( dσdΩ ∝| Ucc′ |2).
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Several methods have been considered to obtain Ucc′ . One method would be to

assume a nuclear potential in the internal region. With a nuclear potential, the Schroedinger

equation could be solved to generate a wave function for the internal region which could then

be matched to the external wave function at the nuclear surface (rc = ac). However, the

results of this method would rely on the parameters chosen to describe the nuclear potential.

The R-matrix theory instead proposes a complete set of states which are eigenstates of the

Hamiltonian in the internal region. This postulate covers all possible resonances of the

compound nuclear system and has the form

Hλψλ = Eλψλ (3.11)

with
∫

ψ∗
λψλ′dr = δλλ′ . (3.12)

The channel wave functions can then be expressed in terms of the overlap of the internal λ

states with the appropriate surface wave functions χc. Integrating over the nuclear surface

of radius ac gives

χλ(rc) =

∫

ac
χ∗cψλdS, (3.13)

which are eigenfunctions with eigenenergies Eλ in channel c and have arbitrary, real, energy-

independent boundary conditions

[

ρc
χ′c
χc

]

rc=ac

= Bc. (3.14)

Here the prime indicates differentiation with respect to ρc.

The wave functions in the internal region for any energy E can be expressed in

terms of an expansion of the eigenfunctions χλ(rc). The coefficients of the expansion can

be determined by applying Green’s theorem. The resulting internal wave function can be

written as

ψintc (rc) = Rcc′

[

ac
dψintc (rc)

dr
−Bcψ

int
c (rc)

]

rc=ac

(3.15)
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where the Green’s function, Rcc′ , that relates the value of the wave function in the internal

region to its derivative on the surface is

Rcc′ =
∑

λ

γλcγλc′

Eλ − E
. (3.16)

The reduced widths, γλc, take the form

γλc =

[

h̄2

2Mcac

]
1
2

χλ(ac) =

[

h̄2

2Mcac

]
1
2 ∫

ac
χ∗cψλdS. (3.17)

Equations 3.16 and 3.17 define the elements of the R-matrix and the reduced widths.

The collision matrix (U-matrix) may be expressed in terms of the R-matrix by equating the

logarithmic derivatives of the internal and external wave functions at rc = ac. The result

can be shown to be

Ucc′ = ei(ωc+ωc′−φc−φc′ )
[

δcc′ + 2iP
1
2
c

1

1−Rcc′Lc′
Rcc′P

1
2
c′

]

(3.18)

where

Lc =

[

ρc
O′
c

Oc

]

rc=ac

−Bc =
[

Sλc −Bc

]

+ iPc. (3.19)

Pc is called the penetrability; it is proportional to the transmission probability through the

external barrier and can be expressed as

Pc =

[

ρc
F 2c +G2c

]

rc=ac

. (3.20)

Sc is the shift function and has the form

Sc =

[

ρc
FcF

′
c +GcG

′
c

F 2c +G2c

]

rc=ac

. (3.21)

The quantity φc is called the hard-sphere phase shift and has the form

φc = tan−1
(

Fc
Gc

)

. (3.22)

The quantity ωc is the Coulomb phase shift for channel c.

A quantity that represents the total energy shift from the eigenenergy Eλ and results

from a mismatch of the external and internal boundary conditions is

∆λ = −
∑

c′

[

Sλc′ −Bc′

]

γ2λc′ . (3.23)
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The total laboratory width for a level is

Γλ =
∑

c

Γλc, (3.24)

where the partial laboratory width for a channel,

Γλc = 2Pcγ
2
λc, (3.25)

is the transition probability from the state λ via the channel c. The partial laboratory width

contains a factor from both the external region (penetrability) and internal region (reduced

width). The penetrability is a measure of the kinematic effects in the external region. The

penetrability decreases as ` increases. Thus high ` states will generally have smaller values

of laboratory partial widths than low ` states. The reduced widths have the external region

effect removed which allows for a comparison of the strength of the nuclear coupling to the

entrance channel.

The R-matrix and collision matrix are both diagonal in total spin and in parity. The

cross-section includes contributions from all spins and parities. The relationship between

the differential cross-section and collision matrix is derived by Lane and Thomas and is

programmed in the FORTRAN code MULTI6. The equation is

dσαs,α′s′

dΩα′
=

π

k2α
|Cα′(θα′)|2 δα′s′,αs

+
1

k2α(2s+ 1)

∑

L

BL(α
′s′, αs)PL(cos θα′) (3.26)

+
π

1
2

k2α(2s+ 1)

∑

J`

(2J + 1)δα′s′`′,αs`Re
[

iT Jα′s′`′,αs`

]

Cα′(θα′)P`(cos θ),

where

BL(α
′s′, αs) =

1

4
(−1)(s−s′)

∑

J1J2`1`2`′1`
′
2

Z(`1J1`2J2, sL)

× Z(`′1J1`
′
2J2, s

′L)
(

T J1

α′s′`′1,αs`1

) (

T J2

α′s′`′2,αs`2

)∗
, (3.27)

T Jα′s′`′,αs` = e2iωα′`′ δα′s′`′,αs` − UJ
α′s′`′,αs`, (3.28)
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and

Cα =
1

[4π]
1
2

ηα csc
2
(

θα
2

)

e−2iηα log[sin(
θα
2 )]. (3.29)

The Z coefficients are the Z coefficients of Biedenharn et al. [Bie52] with the phase conven-

tion of Huby [Hub54]. The P`(cos θ) are the Legendre polynomials with the phase convention

of Condon and Shortley [Con51].

The first term in Equation 3.26 represents pure Coulomb scattering, the second term

represents resonance scattering and reaction, and the third term represents the interference

between the first two terms. The Coulomb and interference terms vanish except for elastic

scattering. To obtain the experimentally measured cross-sections for unpolarized beam and

target, Equation 3.26 must be summed over s′ and averaged over s. The summing and

averaging is also performed by MULTI6; the result is

dσα,α′

dΩα′
=

1

(2I1 + 1)(2I2 + 1)

∑

ss′

dσαs,α′s′

dΩα′
. (3.30)

3.2 Isobaric Analog Resonances

Isobaric analog states are defined as nuclear states that are multiplets of a given

isospin, T. These nuclei differ by the exchange of a neutron for a proton. In an analog parent-

daughter system, both nuclei have A nucleons, but the daughter has one more proton and

one less neutron than the parent. If the nuclear force is charge independent and charge

symmetric, then the isospin quantum number T = N−Z
2 is a good quantum number, and

the energy difference between parent and daughter is ∆Ec − δ, where ∆Ec is the Coulomb

energy difference and δ is the proton-neutron mass difference. Corresponding states in the

parent and daughter have the same values of Jπ. The energy differences between parent

and daughter are illustrated in Figure 3.1.

From Figure 3.1, an the excitation energy of the parent (Ex) and the center of mass

proton energy (Ecm) are related by

∆Ec = Bn + Ecm − Ex, (3.31)
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where Bn is the binding energy of the last neutron in the parent nucleus, and Bp is the

binding energy of the last proton in the daughter nucleus. Analog resonances were used to

determine values of ∆Ec. Jänecke has determined a semi-empirical approximation for ∆Ec

given by [Jän69]

∆Ec =
C1Z< + C2

A
1
3

, (3.32)

where A is the mass of the parent system, Z< is the proton number of the target and C1

and C2 are constants. For the A = 45 system, Bn = 7.41479 MeV, Bp = 6.8882 MeV, and

Jänecke’s estimate gives ∆Ec = 7.238 MeV. Therefore, the approximate relation between

Ecm for p + 44Ca resonances and Ex in 45Ca is Ecm = Ex - 0.177 MeV. ∆Ec can vary

significantly; thus the uncertainty in this calculation can be large.

The analog state is a non-statistical effect and can be extremely strong compared

to the background resonances. Because an analog state has a non-statistical effect on

γ2, analog resonances must be considered before statistical analyses of the reduced width

distribution, calculations of the strength function, or width analysis level density corrections

can proceed. In addition, analog states can fragment. Fragmentation occurs when an

analog resonance enhances the strength of the nearby resonances. Some resonances may

be obviously enhanced while other resonances may be so weak that the enhancement may

not be noticeable. The fine structure of the fragment distribution can be fit and the total

contribution of the analog level enhancement determined [Bil76]. However, this detailed

analysis is unnecessary for the current experiment. For the present purposes the primary

goal is to identify the strong analogs and to remove their contributions to the strength.

Otherwise, the strong analogs will distort the statistical width analyses.
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44Ca + p

Daughter (analog) State
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45Ca

Bp = 6.88828 MeV

Bn = 7.41479 MeV

δ = 0.782 MeV

∆Ec ≈ 7.238 MeV

Parent State

Bp
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∆Ec - δ
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Bn
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δ

Figure 3.1: Analog state energy schematic for the 45Ca and 45Sc system. Bp, the binding
energy of the last proton in the daughter nucleus, and Bn, the binding energy of the last
neutron in the parent nucleus, are from the 2003 mass evaluation of the National Nuclear
Data Center [Nud03]. ∆Ec, the estimated Coulomb energy difference between the parent
and daughter nucleus, is from Jänecke [Jän69].



Chapter 4

Experimental Setup

The data for this experiment were collected at the High Resolution Laboratory

(HRL) of the Triangle Universities Nuclear Laboratory (TUNL). The HRL is shown schemat-

ically in Figure 4.1. The main component of the HRL is a modified KN-3000 Van de Graaff

positive ion accelerator. Recent experiments have produced tunable proton beams over

the energy range 0.9–4.0 MeV. Combined with the laboratory’s unique electrostatic ana-

lyzer (ESA), this accelerator produces a proton beam with excellent beam energy resolution

(200–300 eV) which allows the investigation of weak, closely spaced nuclear resonances. The

accelerator and ESA will be discussed in Section 4.1. The detectors and the data acquisition

system will be explained in Section 4.2. The experimental procedure will be outlined in

Section 4.3 and the target fabrication described in Section 4.4.

4.1 Accelerator

The modified KN-3000 Van de Graaff positive ion accelerator (illustrated in Fig-

ure 4.2) is a single-ended, belt-driven particle accelerator. This machine has been refitted

to operate at accelerating potentials up to four million volts [Wes88, Wes95]. The entire

accelerator column is encased inside a steel tank that is pressurized to 270–300 psi with a
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Van de Graaff

Electrostatic
Analyzer
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Figure 4.1: Floorplan of the High Resolution Laboratory at TUNL (not to scale). The (p,p)
chamber was used in this experiment.

combination of dry CO2 and N2 for electrical insulation. Along this column runs a 190-inch

vulcanized rubber belt which carries positive charge to the dome. Beside the column is a

stainless steel accelerator tube rated for potentials as high as four million volts. Some of the

charge deposited on the dome flows through a series of column-mounted 600-MΩ resistors,

resulting in a series of equipotential planes which produce constant acceleration over the

length of the tube. To maintain constant charge on the dome, a set of corona needles are

mounted on the inside of the tank between the dome and the tank wall. Current flows from

the dome through the needles, which allows the amount of positive charge on the dome to be

altered. The corona controller is partially driven by a capacitive pickoff signal (CPO). The

CPO is an electrically isolated metal plate which monitors the AC components of the dome

voltage. The CPO generates a signal which is used as feedback to reduce low frequency AC

fluctuations (20 Hz or less).

During normal operation, two ion beams are produced by a radio frequency (RF)

ion source, which sits at the unsupported end of the cantilevered column. High purity H2

gas is leaked into a glass source bottle. An RF field applied to this bottle results in the

gas becoming a plasma. The disassociation of the H2 results in protons (H+) and singly

ionized hydrogen molecules (H+2 ). The two beams are then extracted from the source bottle,

focused, and accelerated. At the base of the accelerator tank is an analyzing magnet. The
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Figure 4.2: Schematic of the modified KN-3000 Van de Graaff accelerator.

two species are deflected by different amounts due to the difference in their charge-to-mass

ratios. The magnet is set so that the H+ beam is deflected by 25◦ into a beam line that

terminates at the target chambers and the H+2 beam is deflected 17◦ into the ESA to be

used for diagnostic purposes.

The ESA is basically a pair of curved metal plates. This system is designed to

monitor and correct the energy fluctuations of the accelerated proton beam. The plates

are separated by 4.57 mm and form a 90◦ arc. The plates are biased to voltages of equal

magnitude but opposite polarities such that the H+2 beam can only pass through the ESA if

it is within a certain energy tolerance. The total voltage difference between the plates is set

to the desired proton beam energy divided by 111.37. The voltage settings are monitored by

a high precision voltmeter and a control PC to ensure that the proper voltage is maintained.

There are also two sets of lateral slits, the corona slits at the entrance and the image slits

at the exit of the ESA. Figure 4.3 shows the various feedback loops used by the ESA.

The corona signal is used to drive the corona controller to reduce fluctuations in the
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Figure 4.3: High Resolution Laboratory Control Loops. A current difference signal from
the corona control slits is used to regulate voltage on the terminal. A current difference
signal from the image slits located at the end of the ESA is used to regulate the magnetic
field, the potential on the outer plate, and to adjust the target rod voltage.

terminal voltage. A slit difference signal is measured by sampling the difference in the H+2

beam current on the left and right corona slits. This signal is a direct indication of the slow

energy fluctuations inherent in a belt-driven accelerator. The corona controller attempts to

minimize this slit difference signal in order to maintain a mono-energetic proton beam. Used

in conjunction with the CPO feedback, this system dramatically decreases the amplitude

of the dome voltage fluctuations (to a value ≈ 1 kVp−p). The corona slits are also used in

the automated creation of yield curves which will be discussed shortly.

The image slits are also used to create a difference signal. This signal is a real

time indication of the energy fluctuations. This signal is used by three control loops simul-

taneously: the analyzing magnet, the ESA outer plate driver, and the target rod driver.

To regulate the magnet, this slit difference signal is sent to the control PC. The control
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PC adjusts the magnet setting to minimize the slit difference signal. This increases the

stability of the beam and is crucial when automating the generation of yield curves. The

slit difference signal is also applied to the outer plate of the ESA which slightly alters the

voltage difference between the ESA plates. This is done to increase the H+2 beam stability

by accounting for the small fluctuations in beam energy measured by the slit difference

signal. Finally, the slit difference signal is sent to the target rod driver. The target rod

is normally biased at 3 kV; the slit difference signal is amplified by the target rod driver

and added to the bias voltage. In this manner, the proton beam energy is corrected for

dome voltage fluctuations as it approaches the target. The result of these control loops is to

create a nearly mono-energetic beam with outstanding resolution and reduced energy drift.

The control loops are also used for the critical function of automating the generation

of yield curves. This is accomplished by the TUNL XSYS data acquisition software system,

which can change the energy of the proton beam automatically. First the VAX and control

PC change the voltage of the ESA to the voltage that corresponds to the new proton beam

energy. Because the molecular beam will no longer be properly centered in the ESA, the

image slit difference will increase. The control PC will then adjust the analyzing magnet

to minimize the image slit difference signal. As this is accomplished, the H+2 beam will

now generate a slit difference signal at the corona slits. The corona driver will alter the

dome voltage to minimize this signal, and the proton beam will now be at a new energy

without any operator involvement. This process is monitored by the control PC to inhibit

data acquisition if problems arise.

4.2 Detectors and Data Acquisition System

The target chamber is on the 25◦ beam line into which the H+ beam is steered and

is shown schematically in Figure 4.4. The protons are deflected by the analyzing magnet

and steered and focused to this chamber by two sets of quadrupole magnets and two sets

of dipole magnets. The beam is highly collimated by a series of three in-line collimators
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located just in front of the target chamber. The 44Ca targets are mounted on a target rod

which holds four targets and a tuning ring. The beam current is measured with a Faraday

cup at the rear of the target chamber. For this experiment, a typical beam was 6-8 µA with

less than 5 nA on the tuning ring and last collimator.

90
108

135

165

150Beam Collimator

Target

Vacuum Faraday
cupPortAssembly

Viewing Ports

Figure 4.4: High Resolution Laboratory charged particle target chamber. The beam is
collimated before striking the target, which is set at 330◦. The beam is measured at the
Faraday cup. This chamber was designed by Westerfeldt [Wes82, Wes83].

Mounted inside the target chamber were five passivated implanted planar silicon

(PIPS) detectors manufactured by Canberra. The PIPS detectors were the partially de-

pleted (PD50-13-300AM) model with 50 mm2 active area and 300 micron depth. The de-

tectors are factory tested to have a resolution of ≤ 13 keV (FWHM) for 241Am-5.486 MeV

alpha particles. Each detector was mounted on its own stand in the horizontal plane of

the target and with a collimator in front of the detector. Dipole magnets were placed

on the collimator snouts to reduce noise from electrons attracted to the positively biased

detector. The detectors were located such that the count rates for all five detectors were

approximately equal. The detector solid angles are listed in Table 4.1.

The data acquisition system is illustrated in Figure 4.5. Scattered charged particles

with energies used in this experiment (a few MeV) deposit all of their energy in the depletion

zone of the biased (+40 V) PIPS detector. This generates a pulse proportional to the

energy of the scattered particle. The pulse is amplified by a pre-amplifier (Ortec 142) in

order to transmit the signal from the target chamber to the control room. The signal is
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Table 4.1: Detector solid angles for the five detectors used in this experiment. Solid angles
were chosen such that there were approximately equal count rates in each detector.

Detector Ω

Angle (msr)

90◦ 0.53

108◦ 0.90

135◦ 1.54

150◦ 1.84

165◦ 2.04

then amplified by a linear amplifier (Ortec 572) which outputs both a bipolar (timing) and

unipolar (energy) signal. Both outputs are used to process the signal. The unipolar singal

is digitized and displayed in a spectrum via the VAX unless prevented by the bipolar signal

discrimination process, which is used to eliminate carbon scattering events and to reduce

electronic dead time.

The unipolar signal is sent to the multiplexer (Ortec 476-8) after an appropriate

delay and then sent to the ADC (Northern NS-621). The delay allows electronic discrim-

ination of the bipolar signal. The bipolar signal is split, with one line entering a Timing

Single Channel Analyzer (TSCA) (Ortec 551 or Ortec 420A) and the other delayed to ar-

rive simultaneously at a Gated Single Channel Analyzer (SCA) (Hewlett-Packard 5583A)

with the output of the TSCA. The TSCA is used to discriminate against carbon scattering

events. The TSCA examines the signal to determine if it falls within a window which is

calibrated to the energy of a carbon scattering event. If the signal is identified as a carbon

event, then the SCA is inhibited from accepting the delayed bipolar signal. In turn, no

signal is sent to the multiplexer gate box from the SCA, and the unipolar signal is not ac-

cepted by the multiplexer. If the signal is identified as a non-carbon event, the gated SCA

accepts the bipolar signal and generates and transmits a gate to the multiplexer gate box.

The multiplexer then accepts the delayed unipolar signal and the ADC digitizes this signal.
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The SCA also serves as a discriminator to eliminate low and high energy noise by setting

upper and lower limits on the signals. When an event is to be processed, the gated SCA

also sends a signal to a Gate and Delay Generator (Ortec 416A). This creates a signal which

is sent directly to the scalar interface to count the number of acceptable events. Thus, the

signals that are determined acceptable exclude carbon scattering events and events with

too low or too high an amplitude.

The unipolar signal is sent directly to the multiplexer after a 900-ns delay, which

corresponds to the processing time of the bipolar signal. When the multiplexer is given the

command to accept a signal, it also generates a routing signal which indicates the detector

from which the digitized signal came. This signal is decoded and sent to the buffer interface,

where the digitized signal is tagged to maintain the detector identification. This information

accumulates in the buffer in the CAMAC crate to await transfer to the Microprogrammable

Branch Driver (MBD) and then to the VAX. A final piece of information waits in the

CAMAC crate as well. The Gate and Delay Generator signal is sent to the scalar interface

and then to a hex scalar. The number of signals sent to the hex scalar for each detector

is compared to the number of digitized events to calculate the dead time for each detector.

Typical dead times for this experiment were between 3–10%.

Finally, there is a series of inhibits to prevent data from accumulating during un-

acceptable conditions. Such conditions include the target rod being unbiased, large fluctu-

ations of the beam currents, or the ESA voltage being outside acceptable limits. The last

is the most important as it prevents data accumulation when the proton beam energy is

fluctuating abnormally or while energy steps are being performed.

The data collected are stored in 512-channel spectra. The TUNL XSYS data acqui-

sition softare allows data acquisition until a preset amount of charge has been accumulated.

A typical spectrum is shown in Figure 4.6 with the peaks of interest corresponding to

44Ca(p,p0),
44Ca(p,p1), and

44Ca(p,p2). The
16O(p,p0) peak is identified and used for cali-

brating the spectra. To generate yield curves, windows were set around the peaks of interest

and the counts were summed. The sums are then corrected for background and dead time
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Figure 4.6: Charged particle spectrum for Ep = 3.0938 MeV. The 44Ca(p,p) peaks were
gated and summed to produce yield curves. Note the flat area near channel 200 where the
12C(p,p0) peak has been removed electronically.

and stored as a function of energy. The system automatically increments the energy on

reaching the preset amount of charge and begins a new set of spectra. For this experiment,

the preset charge was generally 400 or 500 µC, which required run times of 90–180 seconds.

The preset value was chosen to provide acceptable statistics (∼ 1%) for the 44Ca(p,p0)

reaction.

4.3 Experimental Procedure

To obtain the data for this experiment, the beam is first extracted from the accel-

erator. With stable H+2 beam in the ESA and acceptable H+ beam tuned to the scattering

chamber, the experiment can proceed. The XSYS data acquisition software is run on the
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VAX using a set of interactive command codes. Before the automated generation of yield

curves begins, the spectra must be energy calibrated. Calibration is accomplished by iden-

tifying the peaks in the spectra — usually 44Ca(p,p0),
44Ca(p,p1), and

16O(p,p0) — and

determining the energy of the scattered protons from kinematic considerations. With this

information, the VAX can track the peaks of interest as they change with bombarding

energy.

When the calibrations are complete and the electronics properly set, the starting

energy, energy step size, and total amount of charge to be collected per point are entered

into the VAX. For this experiment, data were collected over the energy range 2.5–3.5 MeV

in 100-eV energy steps. As noted above, the total charge collected per point was 400 or

500 µC. The VAX will collect data until the preset amount of charge is reached, sum the

data for the on-line yield curves, and increment the energy to continue the experiment. Data

collection continues until manually halted. Halting occurs when experimental conditions

deteriorate for such reasons as target degradation, erratic beam fluctuations, or equipment

failure. The data is thus taken in segments. To ensure sufficient overlap between segments

for identification and energy calibration purposes, the energy is stepped back a sufficient

amount to provide an overlap in the two neighboring segments. This experiment was taken

in many segments (∼ 30) over two one-week periods.

The VAX displays the spectra described above as well as real-time yield curves for

monitoring data quality. However, only the spectra are stored by the VAX on a hard drive.

At the completion of the experiment, the data is moved from the laboratory VAX to an

analysis VAX and copied to CD-ROM for secure storage. Yield curves are generated off-

line in a similar manner. Without experimental time constraints, the off-line yield curve

generation can be monitored very closely to ensure optimal results. A sample yield curve

generated off-line is shown in Figure 4.7.
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Figure 4.7: 44Ca(p,p0) yield curve over the energy range Ep = 2.50-2.55 MeV.

4.4 Targets

Two types of targets were used for this study, 44Ca and 56Fe. The 44Ca targets were

used for the collection of new data, while the 56Fe targets were used to provide an absolute

beam energy calibration [Nel83]. Both targets were thin films evaporated onto carbon foils.

For 44Ca the target thickness was 1.1–1.5 µg/cm2, which corresponds to 70–120 eV average

energy loss. This is well below the machine energy resolution. The 56Fe targets did not

have to be as thin, since they were only used for energy calibration. The thickness for the

iron targets was ∼ 2.5 µg/cm2, which corresponded to ∼ 200 eV energy loss.

Fabrication of both types of targets began by placing a carbon backing onto stainless

steel target rings. The 5.0-µg/cm2 carbon foils were floated off slides using distilled water.

The target rings were then placed in a frame above an evaporation boat in a bell jar

(illustrated in Figure 4.8). An evaporation boat was placed between two high current

electrodes and the bell jar was evacuated to ≤ 2.0 µTorr. The boat was then heated by
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current flowing between the electrodes. There was also a shutter and aperture to allow the

boats to be heated without deposition on the targets. Clean glass slides were placed on top

of the target rings in the frame to prevent the target material from depositing on the back

of the targets.

For 44Ca target fabrication, a 0.01” closed tantalum boat was used. The calcium

was in the form of CaCO3 enhanced to 95.9% 44Ca. To reduce the carbonate and obtain

calcium targets, tantalum powder was added at a 1:6 calcium carbonate to tantalum ratio

to provide sufficient reducing agent. This mixture is then inserted into the closed boat and

placed inside the bell jar. The current was slowly raised using the high current electrodes

to ∼ 70 A at which point reduction occurs. Reduction was indicated by rapidly increasing

pressure inside the bell jar and typically lasted for 5 minutes. After reduction, the current

was raised to ∼ 150 A and evaporation occurred. The deposition was monitored via a

quartz crystal thickness monitor and calibrated using Coulomb scattering measurements.

The proper thickness was easier to achieve when the evaporation process was performed

slowly. To produce a batch of targets, the evaporation process lasted ∼ 15 minutes.

For 56Fe target fabrication, a 0.005” open tungsten boat was used. Each evaporation

used 0.02 g of Fe2O3 enriched to 99.87% 56Fe. The boat and isotope were placed into the

evaporation chamber, sealed with a miniature bell jar, and evacuated. After the jar was

evacuated (≤ 1 µTorr), the system was filled to ∼ 300 Torr with hydrogen gas. The

hydrogen was used as a reducing agent. The current was raised to ∼ 100 A; reduction was

characterized by the red powder form of Fe2O3 turning black and melting onto the boat.

The reduction occurred rapidly (∼ 2 minutes). The mini-bell jar was replaced with the

standard bell jar, and targets were installed in the chamber. The current was raised to

110 A, and the deposition was monitored using the same thickness monitor.
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Figure 4.8: Schematic of the high current evaporator system used to fabricate targets.



Chapter 5

Determination of Resonance

Parameters

The 44Ca(p,p0) and
44Ca(p,p1) differential cross-sections were measured at five an-

gles, Θlab = 90◦, 108◦, 135◦, 150◦, and 165◦, over the energy range Ep = 2.500–3.534 MeV

in 100-eV steps. 44Ca targets were prepared with a thickness of 1.1–1.5 µg/cm2. Resonance

parameters were determined for 809 resonances. Figure 5.1 shows the cross-sections and fits

for several angles and reactions. This chapter describes the identification and assignments

of the observed resonances. Section 5.1 explains both the FORTRAN code MULTI6 which

was used to fit the data and the angular momentum coupling scheme used in the fitting pro-

cedure. Section 5.2 discusses the energy calibration. Section 5.3 provides specific examples

of the fitting procedure, and Section 5.4 presents the results of the differential cross-section

analysis.

5.1 MULTI6

The R-matrix theory described in Section 3.1 has been coded in FORTRAN to

analyze the charged-particle scattering data taken at the HRL. MULTI6 is a multi-level,

multi-channel R-Matrix code used to determine resonance parameters from experimental
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Figure 5.1: Cross-sections and fits for 44Ca(p,p0) and 44Ca(p,p1) at Θlab = 165◦ and
44Ca(p,p0) at Θlab = 90◦.

cross sections. MULTI6 calculates theoretical cross-sections based on many input parame-

ters and can calculate simultaneously the differential cross-sections for both reactions at all

five observed angles. The calculated cross-sections are visually compared to the normalized

experimental cross-sections. Input parameters are adjusted until the experimental cross-

sections and calculated cross-sections compare well. Typically, many executions of MULTI6

are necessary for each observed resonance.

The theoretical cross-section calculations require many input parameters. Each res-

onance requires specification of the resonance energy Ep, compound state angular momen-

tum J, compound state parity π, channel spin s in the elastic channel, elastic channel orbital

angular momentum `, and laboratory resonance width Γp for elastic scattering. When a res-

onance is observed in inelastic scattering, each channel c for inelastic scattering must have
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Figure 5.2: Angular momentum coupling scheme for the 44Ca(p,p0),
44Ca(p,p1), and

44Ca(p,p2) reactions in the channel spin representation.

an exit channel spin s′ and an orbital angular momentum `′ as well as a laboratory width Γc.

All resonances are observed in the elastic reaction channel, and many are also observed in

the inelastic reaction channel. The angular momentum coupling is illustrated in Figure 5.2.

In addition to calculating the cross-sections, MULTI6 also calculates the reduced widths,

γ2, for each channel from the expression Γ = 2Pγ2 where P is the penetrability for that

channel computed from Coulomb wave functions.

MULTI6 also requires a resolution function as input. MULTI6 will adjust the calcu-

lated cross-sections by convoluting the cross-sections to simulate the effects of beam energy
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resolution. The choice of resolution function is very important, as it is possible to obtain

several combinations of input parameters and resolution functions that agree with experi-

mental data. One procedure for determining the resolution parameters is to fit a resonance

with extremely well-known parameters and adjust the resolution function until the calcu-

lated cross-section compares well with the experimental cross-section. Another method is

to fit a large segment of data. This method ensures that a suitable resolution function is

chosen since a large data segment will have resonances with a wide variation in resonance

shape and width. Only one resolution function will be suitable for an entire data segment.

For this experiment, a resolution of 300-400 eV produced reasonable results. This value is

similar to the function used in other recent scattering experiments at the HRL and slightly

better than the function used in previous studies of 44Ca(p,p).

Angular momentum is very important in charged-particle elastic scattering; the

orbital angular momentum of the compound state strongly influences the resonance shape,

while the total angular momentum has a lesser but significant effect. Shown in Figure 5.3

are sample shapes for the 44Ca(p,p0) reaction calculated by MULTI6. Sample shapes are

shown only for those spin-parity combinations that were observed experimentally and fitted.

The spin and parity of each resonance can usually be determined by fitting the shapes of the

elastic resonances. The sample shapes shown illustrate this process. From the 90◦ data, the

parity can be determined; positive and negative parity states are clearly differentiated. From

the 165◦ and 150◦ data, s-wave and p-wave resonances can be distinguished from the other

resonance shapes. The 108◦ data can, in practice, usually discriminate Jπ = 1
2

−
resonances

from Jπ = 3
2

−
resonances. However, for very weak resonances, the elastic shapes at this

angle are very similar, and assigning Jπ unambiguously is difficult. Similarly, the 135◦ data

can distinguish between the d-wave resonance shapes. However, the shapes are still similar,

and assignments based solely on the 135◦ data are not made with a high confidence level.

Since MULTI6 is a multi-level, multi-channel R-matrix code, cross-sections for in-

elastic scattering are calculated in the same way that the elastic cross-sections are calcu-

lated. The analysis proceeds in the same manner except now cross-section data from two
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Figure 5.3: Sample elastic scattering shapes for all Jπ combinations observed in this study.
Each sample resonance has the same laboratory width, Γp = 100 eV.

reactions must compare well to two calculated sets of cross-sections. The data for inelastic

scattering is sometimes useful in making J assignments when the elastic data is ambiguous.

Shown in Figure 5.4 are sample p-wave resonance shapes for the inelastic scattering channel.

From the p-wave resonance elastic scattering sample shapes in Figure 5.3, the difficulty in

determining J is apparent. If an isolated resonance in the inelastic reaction channel has

an anisotropic angular distribution and is already identified as a p-wave resonance, then

the J = 3
2 assignment is obvious. If the resonance in the inelastic reaction channel has an

isotropic angular distribution, then the resonance can have either J = 1
2 or 3

2 . Similarly,
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Figure 5.4: Sample 44Ca(p,p1) angular distributions for ` = 1 resonances. Results are shown
only for `′ = 1. No `′ ≥ 3 contributions to resonances in the inelastic reaction channel were
observed. Each resonance shown has the same laboratory width in the inelastic reaction
channel (Γp′ = 100 eV) as well as the elastic reaction channel (Γp = 100 eV) .

the 44Ca(p,p1) reaction can provide information useful in making Jπ assignments for the

d-wave resonances.

Finally, resonance interference must be considered when analyzing high density res-

onance data such as 44Ca(p,p). The examples shown in Figures 5.3 and 5.4 do not demon-

strate interference effects because the resonances are too far apart. While the elastic and

inelastic shapes are obvious when shown in this manner, experimental cross-section data

can have very closely spaced resonances which dramatically interfere. Interference effects

in certain situations can help differentiate between d-wave resonances and less frequently

between p-wave resonances. In these cases, the interference effects can be beneficial when
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making assignments.

5.2 Energy Calibration

While the HRL has superior beam energy resolution, the system is subject to global

energy shifts. Therefore, the accelerator energy must be regularly calibrated. Calibration

is accomplished by finding a well-known resonance and setting the machine energy to the

resonance energy. There are two resonances typically used for calibration in this laboratory,

a 44Ca(p,p0) resonance at Ep = 1.8440 MeV and a 56Fe(p,p0) resonance at Ep = 3.2369 MeV.

The p + 56Fe resonance was used for calibration for this experiment.

The calibration procedure is described by Nelson [Nel83]. The calibration resonance

is a d-wave resonance with Jπ = 3
2

+
and a laboratory width of Γp = 44 eV. This resonance

is a secondary energy standard determined to be at Ep = 3.2369 MeV by measuring the

13C(p,n) threshold at 0◦. This d-wave resonance was initially observed at an energy setting

of Ep = 3.2361 MeV as shown in Figure 5.5. To calibrate the 44Ca(p,p) data, calcium

data were taken immediately after the iron resonance without altering any accelerator set-

tings. By locating the d-wave resonance at Ep = 3.2363 MeV in 44Ca(p,p0) relative to the

secondary standard, the energies of the 44Ca(p,p) data are scaled linearly to match the

calibration point.

With a known energy as a reference point, 44Ca(p,p) data not measured at the same

time can be calibrated as well. Due to the nature of the experimental procedure, the data

are taken in segments. Each segment has sufficient overlap with neighboring segments to

mate the segments. By establishing the energy of each segment relative to the neighboring

segments, the energy calibration will scale the entire data set. While one energy calibration

point is not typically adequate for a data set, the present data set did not extend to a low

enough energy to include the low-energy calibration point. However, the combination of

a one-point calibration of the accelerator system and careful calibration of the rest of the

homogenizer system prior to data collection should provide good energy determination. The
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which appears to be at Ep = 3.2361 MeV in this figure has a known energy of Ep = 3.2369
MeV. All 44Ca(p,p) data from this experiment was calibrated to this energy point.

energies of the observed resonances agree reasonably well with the data taken by Wilson

[Wil75]. Thus this calibration method was sufficient for this data set.

5.3 Examples of Fits

From the analysis of the cross-section data, many Jπ assignments made during pre-

vious experiments were changed, and a large number of new resonances were observed.

Although many assignments were unique, here we consider specific data and fits which ex-

emplify common problems and successes. First, a few comments on Figure 5.1 are necessary.

Figure 5.1 shows the experimental cross-sections and fits for 44Ca(p,p0) at Θlab = 165◦ and

Θlab = 90◦ as well as 44Ca(p,p1) at Θlab = 165◦ for the entire energy range observed in

this experiment. Although most of the weak, newly observed resonances cannot be seen in

Figure 5.1, the sheer volume of resonances is evident. Figure 5.1 is also a useful illustration
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Figure 5.6: Partial charged particle spectrum for Ep = 3.0921 MeV. The contaminant
28Si(p,p1) reaction prevented clear identification of the 44Ca(p,p2) reaction.

of how the parity of a resonance is determined. The 90◦ elastic data show that positive

parity resonances can be easily be distinguished from negative parity resonances. While

the J ambiguity exists for resonances with ` 6= 0, the 90◦ elastic data is a very good indi-

cator of ` and therefore π. The cross-sections for inelastic scattering are also presented in

Figure 5.1. More than 350 additional resonances were observed in the 44Ca(p,p1) reaction

than in previous work.

The 44Ca(p,p2) reaction could also be observed over part of this energy range. How-

ever, as shown in Figure 5.6, a contaminant peak from the 28Si(p,p1) reaction was extremely

close energetically to the 44Ca(p,p2) peak in the spectrum. Although Figure 5.6 clearly

shows that both reactions were observed, the separation between the two peaks was never

large enough to gate unambiguously on the calcium peak. This observation of the 44Ca(p,p2)
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Figure 5.7: Differential cross-sections for the 44Ca(p,p0) reaction and the 44Ca(p,p1) reac-
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level is

located at Ep = 2.5037 MeV.
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peak is one indicator of the improvement in data quality, even though resonance parameters

were not obtained for this channel.

Many new resonances were observed in this experiment. The vast majority of the

newly observed resonances were identified due to the dramatically improved cross-section

data in the inelastic reaction channel. The arrows in Figure 5.7 indicate two resonances

that were not observed in previous experiments. In both cases, it would have been difficult

to obtain unambiguous resonance parameters for the very weak (Γp = 3 eV) resonances in

the elastic reaction channel. Even though the resonances in the inelastic reaction channel

were also weak (Γp′ ∼ 3 eV), Jπ assignments were made with increased confidence because

of the very low background. Most of the new resonances identified in this study are weak

resonances that would not have been noticed or accurately assigned without a resonance in

the inelastic reaction channel.

The 44Ca(p,p1) reaction also provided the evidence for many of the J reassignments.

In this study, the higher quality cross-section data for the inelastic reaction channel showed

anisotropic angular distributions for many resonances in the inelastic reaction channel that

were previously fit with an isotropic distribution. The resonance indicated in Figure 5.8 is

a p-wave resonance. This resonance was previously assigned J = 1
2 . The associated angular

distribution in the inelastic reaction channel was previously observed to be isotropic and

fit accordingly. In this study, the angular distribution of the cross-section in the inelastic

reaction channel was clearly anisotropic. Since a J = 1
2 resonance must have an isotropic

distribution, reassignment was necessary. Many of the reassignments (> 30) in this study

were reassignments of p-wave resonances from J = 1
2 to J = 3

2 due to the angular distribution

of the cross-sections of the inelastic reaction channel.

Another common change made in this study was reassigning d-wave resonances as

f-wave resonances. Previous experimentalists argued that f-wave and g-wave resonances

would not be observed due to the decreased penetrability of the higher exit angular orbital

momentum resonances. However, it is clear from the present work that some resonances

previously labelled d-waves are actually f-wave resonances. The arrows in Figure 5.9 show
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Figure 5.8: Differential cross-sections for the 44Ca(p,p0) reaction for Θlab = 165◦ and the
44Ca(p,p1) reaction for Θlab = 165◦, 135◦, and 90◦. The shape in the elastic reaction channel
at Θlab = 165◦ allowed the resonance near Ep = 2.811 MeV to be identified as an s-wave or
p-wave resonance. The angular distribution of the inelastic channel excluded J = 1

2 . Thus,

the labeled resonance was reassigned Jπ = 3
2

−
from Jπ = 1

2

−
.
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a resonance that was assigned Jπ = 5
2

+
by Smith [Smi89]. In this study, assigning Jπ = 5

2

−

agrees much better with the observed cross-section at 90◦. To fit the indicated resonance

in Figure 5.9 with a positive parity resonance, the calculated cross-section at 90◦ would

have a clearly visible shape. Not only were there many (40) previously unobserved f-wave

resonances identified in this study, there were also many (30) f-wave resonances that had

been misassigned as d-wave resonances in the earlier work. The difference in shape between

the two f-wave resonance elastic shapes is very small, and many observed f-wave resonances

could also be fit with J = 7
2 . Therefore, all observed f-wave resonances were arbitrarily

assigned J = 5
2 .

The last major category of reassignments in the study were d-wave resonance spins.

The spins of over 60 d-wave resonances were reassigned for a variety of reasons. In previous

work, most d-wave resonances are identified as ` = 2 resonances unambiguously, but the

J assignment is less conclusive. The J value assignment for d-wave resonances is difficult

because the shapes in the elastic channel are similar and the inelastic reaction channel does

not prove as useful as when assigning J for p-wave resonances. Therefore, it is not surprising

that there were many reassignments of this type. The majority of reassignments were made

either because the cross sections of the inelastic reaction channel compared better to the

other Jπ choice or because the elastic reaction channel cross-section was larger at some

angles than at others. Although the current assignments are reasonable, the assignments

often are not definitive.

5.4 Results of Cross-Section Analysis

This experiment was performed in order to improve the overall data quality and

quantum number assignments for the resonances observed in the p + 44Ca reactions. With

improved resolution and better inelastic scattering data, many small, previously undetected

resonances were observed. The improved data also allowed correction of previous misas-

signments. Experimental cross-sections and fits were shown in Figure 5.1. A more detailed
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Figure 5.9: 44Ca(p,p0) data for Θlab = 165◦ and 90◦. The resonance indicated was reassigned

Jπ = 5
2

−
from Jπ = 5
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+
. Jπ = 5

2

−
and Jπ = 5

2

+
resonances can now be distinguished due to

improved resolution.

presentation of the experimental cross-sections and fits are shown in Appendix A. As

shown by the examples in Section 5.3, the cross-section data collected in this experiment

and the resulting resonance parameters appear to be superior to the cross-section data and

resonance parameters from previous experiments.

From the experimental differential cross-sections, 809 resonances were identified and

fit. Most of the newly observed resonances and reassignments resulted from excellent inelas-

tic scattering data. Analysis identified 375 resonances that were not observed previously in
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Table 5.1: Observed resonances by Jπ.

Resonance Jπ
Data Set 1

2

+ 1
2

− 3
2

− 3
2

+ 5
2

+ 5
2

− 7
2

+
Total

Previous Work† 129 138 125 121 141 0 0 654

Present Work 121 116 178 203 117 72 2 809
† [Wil75, Shr82, Shr83, Smi89]

the inelastic reaction channel. Many are associated with previously observed resonances.

The resonance parameters are listed in Table B.1 (see Appendix B) in sequential order and

in Tables B.2–B.8 separately by Jπ values. In this experiment, 23% of the resonances had

not been observed in past studies and 26% of the previously observed resonances were as-

signed different quantum numbers. The percentage of newly identified resonances is similar

to those observed in recent studies of other targets at the HRL. The number of quantum

number reassignments is surprisingly large. However, many misassignments were predicted

by the spacing analysis of Agvaanluvsan [Agv02], and many of the reassignments in the cur-

rent analysis correspond to those spacing anomalies. A comparison between the resonances

observed in this study and those of previous work is presented in Table 5.1.

Table 5.2: Summary of changes to previous assignments.

Resonance Jπ 1
2

+ 1
2

− 3
2

− 3
2

+ 5
2

+ 5
2

− 7
2

+
Total

New Resonances 4 7 43 65 27 40 0 186

Resonances Removed 3 13 3 5 7 0 0 31

Reassignments 12 35 22 29 70 0 0 168

Table 5.2 gives a more detailed summary of the differences between the present work

and the previous compilation. “New Resonances” are resonances that were observed in the

present work but not in the previous work. “Resonances Removed” are previously identified

resonances not observed in the current work, and “Reassignments” are previously observed
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resonances that have had spin and/or parity reassigned in the current work.



Chapter 6

Analysis and Results

From the extracted resonance parameters of 45Sc, six statistically significant Jπ se-

quences were formed. A variety of statistical tests were applied to these sequences, and the

results are presented in this chapter. Section 6.1 describes the spacing analyses including the

x and 1/x analysis and the nearest-neighbor spacing distribution analysis. Section 6.2 de-

scribes the results of the P (0) analysis. Section 6.3 presents the results of the Dyson-Mehta

∆3 analysis. Identification of analog resonances is detailed in Section 6.4, and the reduced

width distribution analysis and the strength function results are presented in Section 6.5.

The missing level corrections are applied to the data, and the resulting level densities are

investigated in Section 6.6.

6.1 Spacing Analyses

The x and 1/x spacing analyses were described in Section 2.2.2. The application

of these methods to the previous data [Wil75, Shr82, Shr83, Smi89] provided part of the

motivation for the present experiment. The x and 1/x plots were generated from the

previous data and the present data and analyzed in an iterative manner. However, before

creating the x and 1/x plots and the nearest-neighbor spacing distributions from the Jπ

sequences, the energy dependence of the level densities must be unfolded since random
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matrix theory assumes a uniform level density.

The nuclear level density increases exponentially with energy. When the energy

interval under consideration is large, the change in the nuclear level density must be unfolded

in order to make comparison with theory meaningful. If the energy dependence is not

unfolded, the spacings at the high end of the energy interval will appear to be much smaller

when compared to the spacings at the low end of the energy interval. The procedure used to

unfold the energy dependence was described by Shriner et al. [Shr90]. In this approach, the

constant-temperature form of the theoretical level density is assumed, and the integrated

level density,

Ntheo(E) =

∫ E

0
ρ(E)dE = eE−

E0
T − e−

E0
T +N0, (6.1)

is compared to the experimental N(E). The best fit to N(E) is obtained and a new sequence

of energies is generated:

Enew = Emin + (Emax − Emin)
F (E)− F (Emin)

F (Emax)− F (Emin)
. (6.2)

The function F (E) is the best fit to N(E). The endpoints of the energy interval Emax and

Emin do not change during the procedure. The parameter T is defined as a temperature,

although not in the usual nuclear sense. This temperature is related only to the empirical

fit to the data and is specific to each sequence. All the sequences were unfolded using this

technique, and plots of the experimental and unfolded sequences are shown in Appendix D.

A summary of the level sequences observed in 45Sc is presented in Figure 6.1. Fig-

ure 6.1 also gives an indication of the spacing of the levels in the sequences. Large gaps

in the sequences can be seen and provide a measure of the completeness of the sequences.

Investigation of these large spacings can improve data quality.

Before calculating the nearest-neighbor spacing distribution of a sequence, the qual-

ity of the sequence can be evaluated using the spacing anomaly method described in Sec-

tion 2.3.1. The previous data [Wil75, Shr82, Shr83, Smi89] were analyzed for spacing

anomalies. Although the previous data and analysis were considered to be of very good

quality, the number of spacing anomalies was higher than expected. Because part of the
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Figure 6.1: Summary of the level sequences observed in 45Sc for excitation energy Ex = 9.3–
10.4 MeV.

motivation for this experiment resulted from the spacing anomaly analysis of the previous

data, the results of that analysis are instructive.

Figures 6.2–6.4 show the spacing anomaly analysis (x and 1/x) for the previous

measurements. This analysis indicated many spacing anomalies which represent possible

missing or misassigned levels. The large spacing anomalies in the x plot indicate possible

missing levels. The small spacing anomalies in the 1/x plot indicate levels with possible

quantum number misassignments. The anomalies in the previous data can be examined

using the resonance parameters obtained in the current work. Also shown in Figures 6.2–

6.4 are those anomalies that were corrected either by observation of a new resonance or a

resonance with a Jπ reassignment in the current analysis.

Investigation of the small spacing anomalies in the previous data using the 44Ca(p,p0)
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and 44Ca(p,p1) reactions was not expected to be very fruitful. Although the location of the

pair of resonances that produced the spacing anomaly is known, the experimental resolution

was not expected to be improved enough to provide many corrections to previous Jπ as-

signments. However, as shown in Chapter 5, the observation of a cross-section for inelastic

scattering with very low background often allowed more conclusive Jπ determination than in

previous Jπ measurements. Small spacing anomalies were corrected in two ways; either one

of the pair of resonances that produced the anomaly was reassigned a new Jπ value (based

on the cross-section data), or one of the pair was not observed in the present experiment. In

a few cases, both resonances in the pair were reassigned a different Jπ or were unobserved

in this experiment. For this experiment, a spacing was considered anomalous if the spacing

was at the 2% confidence level or worse. The percentage of small spacing anomalies that

have been removed for all sequences is 71%.

A large spacing anomaly indicates a probable missing level in a sequence, because a

large value of x is statistically very unlikely. Unfortunately, a large spacing does not provide

precise information about the location of the missing resonance. The large spacing anomaly

is produced by two levels which form the endpoints of an energy region with a suspected

missing level. Because the size of the energy region identified by a large spacing anomaly

can be large, locating a resonance which corresponds to a large spacing anomaly can be

very difficult. Also, finding a previously unobserved level in an energy region identified as

a large spacing anomaly does not necessarily remove the anomaly. If the new level is close

to either of the original resonances that produced the large spacing anomaly, one of the two

new spacings can still be anomalous. For some large spacing anomalies investigated in this

study, multiple new or reassigned resonances were observed in the energy region of the large

spacing anomaly. Since the high number of Jπ reassignments made in this experiment have

affected the large spacing anomalies, a direct comparison between the present experiment

and the previous measurements is difficult. In fact, some of the resonances that created the

large spacing anomalies were reassigned a Jπ which now puts the level in a different sequence.

For this experiment, a large spacing anomaly was marked as removed in Figures 6.2–6.4 if



CHAPTER 6. ANALYSIS AND RESULTS 61

  0

 10

 20

 30

 40

 50

 0  10  20  30  40  50  60  70  80  90  100  110  120  130

1/
x

Level Index

  0

  2

  4

 0  10  20  30  40  50  60  70  80  90  100  110  120  130

x

45Sc 1/2+ Resonances

Figure 6.2: Spacing analysis for the s-wave resonance sequence for previous data [Wil75,
Shr82, Shr83, Smi89]. The dotted lines from lowest to highest represent the 2%, 1%, and
0.1% values for 1/x and x. Data points enclosed by a circle indicate anomalies removed in
the present work.

at least one level of the appropriate Jπ was introduced into the energy region of the large

spacing anomaly either by reassignment or observation of a new level. Many large spacings

were removed, but not at as high a percentage as for the small spacings. Only the spacing

analysis of the current sequences will determine if the large spacing anomalies have truly

been resolved.

The spacing analyses for the current data are presented in Figures 6.5–6.8. The

spacing analysis provides a qualitative measure of the completeness and purity of a sequence.

The large spacing analysis assesses the completeness of the sequence while the small spacing

analysis indicates the purity of the sequence. Each Jπ sequence from the current experiment

has been analyzed in this manner. Listed in Table 6.1 are the total spacing anomalies by

sequence. Qualitatively, Table 6.1 provides evidence that the Jπ assignments from this
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Figure 6.3: Spacing analysis for the p-wave resonance sequences for previous data [Wil75,
Shr82, Shr83, Smi89]. The dotted lines from lowest to highest represent the 2%, 1%, and
0.1% values for 1/x and x. Data points enclosed by a circle indicate anomalies removed in
the present work.
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Figure 6.4: Spacing analysis for the d-wave resonance sequences for previous data [Wil75,
Shr82, Shr83, Smi89]. The dotted lines from lowest to highest represent the 2%, 1%, and
0.1% values for 1/x and x. Data points enclosed by a circle indicate anomalies removed in
the present work.
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Figure 6.5: Spacing analysis for the s-wave resonance sequence for the present data. The
dotted lines from lowest to highest represent the 2%, 1%, and 0.1% values for 1/x and x.

experiment are improved from the previous experiments. While some sequences are more

improved than others, the number of anomalies was reduced in the current experiment

by ∼ 1
3 . The sequences derived from the current experiment are not perfect, but this

experiment has provided significant improvement.

Figure 6.5 presents the spacing anomaly analysis for the s-wave resonance sequence.

The extremely low number of spacing anomalies in Figure 6.5 implies that the s-wave reso-

nance sequence obtained in this experiment is very pure with no spurious levels. The s-wave

resonances are the easiest to assign unambiguously, since there is only one Jπ possibility.

Few spurious levels are expected because few resonances are expected to be misassigned

Jπ = 1
2

+
, and few small spacing anomalies were observed. One large spacing anomaly is

presented. Thus, the sequence would also appear to be nearly complete.

The p-wave resonance spacing anomaly analysis is shown in Figure 6.6. The p-wave
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Figure 6.6: Spacing analysis for the p-wave resonance sequences for the current data. The
dotted lines from lowest to highest represent the 2%, 1%, and 0.1% values for 1/x and x.
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Figure 6.7: Spacing analysis for the d-wave resonance sequences for current data. The
dotted lines from lowest to highest represent the 2%, 1%, and 0.1% values for 1/x and x.
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Figure 6.8: Spacing analysis for f-wave resonance sequence for current data. The dotted
lines from lowest to highest represent the 2%, 1%, and 0.1% values for 1/x and x.
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Table 6.1: Spacing anomalies. Anomalies are combined large and small spacing anomalies
at the 2% confidence level. The values in parenthesis are the total number of spacings in
the sequence.

Resonance Jπ
Data Set 1

2

+ 1
2

− 3
2

− 3
2

+ 5
2

+ 5
2

−
Total

Previous Work† 6(128) 26(137) 24(124) 24(120) 24(140) 104(649)

Present Work 1(120) 13(116) 22(178) 16(202) 14(116) 12(71) 66(803)
† [Wil75, Shr82, Shr83, Smi89]

resonance spacing analysis is not as impressive as is the s-wave resonance spacing analysis.

The spacing analyses for the p-wave resonances show many spacing anomalies. Lower

quality statistical results are anticipated due to the difficulty in distinguishing between

J = 3
2 and J = 1

2 for p-wave resonances. Even with the improved quality cross-section data,

J assignments can be difficult. The reduction in total spacing anomalies between Figure 6.3

and Figure 6.6 indicates the improvement in the quality of the current data. However, there

are a few unexplained results apparent in these figures. One interesting result is the increase

in large spacing anomalies for Jπ = 3
2

−
. A possible explanation is that ∼50 more Jπ = 3

2

−

resonances were observed in this study than in the previous measurements. Since the energy

range is unchanged, the average spacing is decreased. This results in large spacing anomalies

being produced by smaller average spacings. Spacings that did not appear anomalous in

the analysis of the previous measurements may now appear anomalous.

The d-wave resonance spacing anomaly analysis is shown in Figure 6.7. These

results are very similar to the results from the p-wave resonance spacing anomaly analysis.

The J assignment for d-wave resonances is even more difficult than the J assignment for p-

wave resonances. However, the total spacing anomalies for the d-wave resonance sequences

have been reduced. Spurious levels have been significantly reduced (11 versus 31). These

remaining spacing anomalies arise from the difficulty in assigning J for d-wave resonances

and the difficulty in observing very weak d-wave resonances. However, the d-wave resonance
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sequences also appear to be of improved quality.

The f-wave resonance spacing anomaly analysis is shown in Figure 6.8. With the

difficulty in assigning J for f-wave resonances, little useful information is expected from

the spacing anomaly analysis. The spacing anomalies analysis would be more useful if

the J assignments for f-wave resonances could be determined more accurately from the

cross-section data. All observed f-wave resonances were arbitrarily assigned J = 5
2 . The

fact that 72 f-wave resonances were observed is unexpected. Previous charged particle

scattering experiments at the HRL have observed few f-wave resonances. The unambiguous

observation of many f-wave resonances only increases the confidence level of the other Jπ

sequences since one source of spurious levels in the other sequences has been removed.

In principle, the spacing anomaly analysis described can be used iteratively to reduce

certain spacing anomalies. Small spacing anomalies indicate spurious levels in a sequence.

A spurious level in the Jπ = 1
2

−
sequence is most likely a misassigned Jπ = 3

2

−
resonance. A

Jπ reassignment can remove a spacing anomaly from one sequence but introduce a spacing

anomaly into another. Future work could possibly improve the quality of the assignments

by using the spacing analysis to help assign Jπ.

To consider the statistical properties of the distributions, the nearest-neighbor spac-

ings distributions are compared to theoretical predictions. Random-matrix theory predicts

the Wigner distribution while a pure uncorrelated sequence is described by the Poisson

distribution. The nearest-neighbor spacing distributions are given in Equations 2.6 and

2.7. Shown in Figures 6.9–6.12 are the nearest-neighbor spacing distributions, P (x), and

the integral of the nearest-neighbor spacing distributions, F (x), for the current sequences

compared to the GOE and Poisson predictions. By comparing the nearest-neighbor spacing

distributions to the theoretical predictions, information can be obtained about the short-

range order of the system.

Figure 6.9 shows the nearest-neighbor spacing distribution for the s-wave resonance

sequence. As expected, the nearest-neighbor spacing distribution of the s-wave resonance

sequence appears to obey the GOE prediction, the Wigner distribution. The behavior of
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Figure 6.9: Nearest-neighbor spacing distributions for the Jπ = 1
2

+
sequence from the

current work. The upper plot shows the nearest-neighbor distribution while the lower plot
shows the integral, F (x), of the nearest-neighbor spacing distribution. The dashed line
shows the GOE predictions while the dotted line shows the Poisson predictions for the
distribution and integrated distribution.

the nearest-neighbor spacing distribution at x = 0 is the easiest way to distinguish the

two theoretical predictions. The integral, F (x), also shown in Figure 6.9, agrees better

with the GOE prediction. Aside from the discrepancy in Figure 6.9 near x = 0.75, the

F (x) for the s-wave resonances follows the GOE prediction quite well. With the expected

result agreeing with the GOE prediction, the confidence in the overall quality of the s-wave

resonance sequence is reinforced.

The nearest-neighbor spacing distributions of the other Jπ sequences do not agree

well with the GOE prediction (Figures 6.10–6.12). The nearest-neighbor spacing distribu-

tions are between the GOE and Poisson predictions. The integral of the spacing distribution

for these sequences agrees better with the Poisson prediction. Even though the present data
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Figure 6.10: Nearest-neighbor spacing distributions for the p-wave resonance sequences for
current work. The upper plot in each pair shows the nearest-neighbor spacing distribution
while the lower plot shows the integral, F (x), of the nearest-neighbor spacing distribu-
tion. The dashed line shows the GOE predictions while the dotted line shows the Poisson
predictions for the distribution and integrated distribution.
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Figure 6.11: Nearest-neighbor spacing distributions for the d-wave resonance sequences for
current work. The upper plot in each pair shows the nearest-neighbor spacing distribution
while the lower plot shows the integral, F (x), of the nearest-neighbor spacing distribu-
tion. The dashed line shows the GOE predictions while the dotted line shows the Poisson
predictions for the distribution and integrated distribution.
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Figure 6.12: Nearest-neighbor spacing distributions for the f-wave resonance sequence for
current work. The upper plot shows the nearest-neighbor spacing distribution while the
lower plot shows the integral, F (x), of the nearest-neighbor spacing distribution. The
dashed line shows the GOE predictions while the dotted line shows the Poisson predictions
for the distribution and integrated distribution.
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Figure 6.13: P (0) analysis for the Jπ = 1
2

+
sequence. Pintercept(0) was determined by fitting

the slope of the histogram for x < 0.66. The value from this method is effectively zero.
Phistogram(0) was set equal to the value of P (x) for the first bin in the histogram.

have been shown to be of improved quality, the improvement is not sufficient to claim that

the sequences are pure or complete enough to compare well to the expected GOE predictions.

This statistical test is too sensitive for most of the sequences of the present experiment.

6.2 P (0) Analysis

As shown in Section 2.3.2, the value of P (0) from a nearest-neighbor spacing distri-

bution provides information about the total number of spurious levels in a sequence. The

spacing anomaly analysis also provides this information, but only spurious levels that pro-

duce a small spacing anomaly will be identified. Some spurious levels will not be identified

using the small spacing anomaly method. The P (0) analysis in principle can provide an

overall assessment of the purity of a sequence.
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Unfortunately, obtaining values of P (0) from the nearest-neighbor spacing distribu-

tions is very difficult. Two procedures were used to interpolate a value of P (0), neither

of which produced satisfactory results. The first method was to simply take the value of

first bin in the histogram as the value of P (0). While determining the value in this manner

clearly produces a larger value than is accurate, a rough estimate is determined.

Table 6.2: P (0) analysis for J = 1
2 determined using two methods. Spurious levels are

determined by the solution to Equation 2.25.

Jπ Number P (0) P (0) Spurious Levels Spurious Levels

Levels Intercept Histogram Intercept Histogram
1
2

+
121 0 0.25 0 18

1
2

−
117 0.49 0.47 51 44

Another method used to obtain an estimate of the value of P (0) is illustrated in

Figure 6.13. The slope of the nearest-neighbor spacing distribution as x→ 0 is determined.

The y-intercept of a line with that slope is a measure of P (0). The difficulty lies in choosing

which bins to include in the slope determination. For this attempt, only the first two bins

were used. The slope is determined by creating two points with the bin height as the y-value

and the center of the bin as the x-value. The slope is then determined. The decision to use

only the first two bins was arbitrary.

Table 6.2 shows the results of the P (0) analysis for J = 1
2 . The P (0) analysis was

performed for the other sequences, but reliable results were not obtained due to the diffi-

culties described above. The P (0) analysis indicated that there are more than 40 spurious

levels in the Jπ = 1
2

−
sequence. No other statistical test performed implies that many spu-

rious levels in that sequence. Thus, while in principle the P (0) analysis should be a useful

tool, better methods of determining P (0) are required to utilize this analysis method.
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Figure 6.14: The ∆3 statistic for the s-wave resonance sequence. The upper line represents
the Poisson prediction while the lower curve represents the GOE prediction.

6.3 Dyson-Mehta ∆3 Statistic

The Dyson-Mehta ∆3 statistic is a measure of the long-range order of a sequence

and is defined in Equation 2.11. The ∆3 statistic is presented as a function of L. The ∆3

statistic has been calculated for the present data and is shown in Figures 6.14–6.17. There

are sufficient levels in the current sequences to provide enough statistics to calculate ∆3 for

relatively large values of L.

The results of the ∆3 test are consistent with the results obtained by the spacing

analysis tests. Figure 6.14 shows the ∆3 for the s-wave resonance sequence, which agrees

reasonably well with the GOE prediction. The other Jπ sequences do not agree well with

the GOE prediction. These sequences agree far better with the Poisson prediction. As

previously stated, the nuclear sequences should agree with the GOE prediction. One reason



CHAPTER 6. ANALYSIS AND RESULTS 77

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

0 5 10 15 20 25 30 35 40 45 50

∆ 3

L

45Sc Resonances Jπ=1/2-

 0

 1

 2

 3

 4

 5

0 10 20 30 40 50 60 70

∆ 3

L

45Sc Resonances Jπ=3/2-

Figure 6.15: The ∆3 statistic for the p-wave resonance sequences. The upper line represents
the Poisson prediction while the lower curve represents the GOE prediction.
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Figure 6.16: The ∆3 statistic for the d-wave resonance sequences. The upper line represents
the Poisson prediction while the lower curve represents the GOE prediction.
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Figure 6.17: The ∆3 statistic for the f-wave resonance sequence. The upper line represents
the Poisson prediction while the lower curve represents the GOE prediction.
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for the lack of agreement with the GOE prediction is that the ∆3 statistic is very sensitive

to missing and spurious levels. As shown by the spacing analysis, aside from the s-wave

resonance sequence, there are many probable missing and spurious levels. Also, the nearest-

neighbor spacing distributions also do not agree well with GOE predictions. Thus, the

percentage of missing or spurious levels in the current data is probably large enough to

prevent the ∆3 statistic from agreeing with the GOE predictions. As already shown, the

s-wave resonance sequence is of very high quality with very few missing or spurious levels.

The rest of the sequences have more missing and spurious levels.

6.4 Analog Resonance Identification

As discussed in Section 3.2, analog resonances must be considered before statistical

analysis of the reduced width distributions is performed. An analog resonance is a non-

statistical effect which will enhance the reduced width of a resonance and then distort

the reduced width distribution and the determination of the strength functions. Thus the

analog resonances must be identified and removed from the sequences prior to statistical

analysis of the reduced widths.

The method used to identify possible analog resonances in the present data was to

prepare plots of γ2 and
∑

γ2 for each Jπ sequence. Values of the reduced width which re-

sult from non-statistical effects often appear much larger than the surrounding background

resonance reduced widths and appear as a sharp rise in the
∑

γ2 plots. Possible analog

resonances in 45Sc will then be compared to the accepted levels of 45Ca, the parent nucleus

(presented in Appendix C). If a level exists in 45Ca with the appropriate Jπ in the ap-

propriate energy range, the resonance will be labeled as an analog and removed from the

sequence prior to the reduced width analysis. If the analog resonance is fragmented, the

fragmentation may be indicated in the
∑

γ2 plot. A single enhanced level of a fragmented

analog resonance may not be visible about the background levels since the enhancement

is spread over many levels. However, the
∑

γ2 plot will indicate if many levels in a small
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Figure 6.18: γ2 and
∑

γ2 plots for 45Sc s-wave resonances. No analog resonances were
identified in this sequence.

energy region combine to produce an obvious enhancement effect.

Six sequences were analyzed in this manner resulting in the identification of three

fragmented analog resonances which are listed in Table 6.3 and are shown in Figures 6.18–

6.21. The three identified analog resonances were all p-wave resonances, one with Jπ = 1
2

−

and two with Jπ = 3
2

−
. The Jπ = 1

2

−
analog resonance at Ex ∼ 10.05 MeV (see Figure 6.19)

was previously identified by Smith [Smi89]. Smith removed the six strong resonances in this

energy region. Although removing only the strongest levels will certainly remove most of

the analog resonance enhancement effect on the reduced widths, for this experiment, all

resonances in the vicinity of the analog resonance were identified as fragments and were

removed from the sequence prior to the reduced width analysis. This fragmented analog

resonance was identified as the analog of the state in 45Ca at Ex = 3.442 MeV. This analog

resonance enhanced the widths of ∼ 20 resonances which had a total reduced width of
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Figure 6.19: γ2 and
∑

γ2 plots for 45Sc p-wave resonances. The group of resonances near
Ex = 10.05 MeV in the upper plots was identified as an analog resonance of the state in
45Ca at Ex = 3.442 MeV. The group of resonances near Ex = 9.45 MeV in the lower plots
was identified as an analog resonance of the state in 45Ca at Ex = 2.84207 MeV. The group
of resonances near Ex = 9.9 MeV in the lower plots was identified as an analog of the state
in 45Ca at Ex = 3.24134 MeV.
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∼ 48 keV.

Table 6.3: Analog resonances identified in 45Sc.

Analog Jπ 45Sc Resonances 45Ca Parent # of Resonances ΣΓ Σγ2

Number (MeV) (MeV) Removed (keV) (keV)

1 1
2

−
3.1383–3.2476 3.442 20 19.88 48.22

2 3
2

−
2.5559–2.6476 2.842 19 1.66 10.28

3 3
2

−
3.0805–3.1068 3.241 7 1.28 3.65

The second analog resonance was previously identified and the fine structure fit

by Wilson [Wil75]. Although the fragmented analog resonance was clearly observed (see

Figure 6.19), no attempt was made in the present analysis to obtain the fine structure

parameters. Instead the same procedure used in identifying the first analog resonance was

used for all analog resonances identified. The fragmented analog resonance observed was

identified as the analog of the state in 45Ca at Ex = 2.842 MeV. The analog resonance

enhancement affected 19 resonances and the total strength of the analog resonance was

∼ 10 keV.

The final analog resonance was misidentified by Smith. Information available at that

time indicated that the state in 45Ca at Ex = 3.241 MeV was assigned Jπ = 1
2

−
. Hence,

Smith identified the strong Jπ = 1
2

−
resonance at Ep = 3.0042 MeV as an analog resonance.

A recent reassignment of the state in 45Ca at Ex = 3.241 MeV to Jπ = 3
2

−
invalidated that

identification. The group of Jπ = 3
2

−
resonances observed near Ep ∼ 3.090 MeV are now

identified as this analog resonance. This analog resonance enhanced 7 resonances.

This procedure used to identify and remove analog resonances is not ideal. From

Table C.1 it is apparent that the adopted levels of 45Ca are not very well determined. With-

out an unambiguous level identification in the parent, identification of analog resonances is

very difficult unless there is an obvious enhancement effect in the γ2 or
∑

γ2 plot. Although

there are other possible candidates for analog resonances in Figures 6.18, 6.20, and 6.21,

positive identification as an analog resonance was not possible for these candidates. Some

resonances observed in this study are probably unidentified analog resonances. However,
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Figure 6.20: γ2 and
∑

γ2 plots for 45Sc d-wave resonances. No analog resonances were
identified in these sequences.
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Figure 6.21: γ2 and
∑

γ2 plots for 45Sc f-wave resonances. No analog resonances were
identified in this sequence.
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the goal of this procedure was to remove the non-statistical effects introduced by analog

resonances. If the other analog resonances are not obvious in the presented plots, then the

reasonable assumption is that the unidentified analog resonances are not enhanced enough

to distort the reduced width distributions significantly.

6.5 Reduced Width Distribution and Strength Functions

The reduced width distribution is another statistical property that reveals informa-

tion about the completeness of a sequence. The behavior of the reduced width distribution

for small values of y provides an assessment of the weakest resonances observed in a se-

quence. As shown in Section 2.1.1, the Porter-Thomas distribution predicts that very weak

resonances are the most probable in a sequence. These weak resonances are also the most

likely to remain unobserved due to inherent experimental limitations. The reduced width

distribution should obey the Porter-Thomas distribution if non-statistical effects are re-

moved from a sequence. Thus, the analog resonances identified in Section 6.4 are removed

from the sequences before the reduced width distributions are plotted.

Shown in Figure 6.22 is the reduced width distribution for the s-wave resonance

sequence. The reduced width distribution agrees very well with the Porter-Thomas dis-

tribution. The agreement implies that the s-wave resonance sequence is missing only a

few weak levels. Although the weaker resonances seem to be slightly under represented in

the reduced width distribution, the s-wave resonance sequence has the best agreement for

y < 0.1 of any sequence constructed from the present experimental data. Thus, the s-wave

resonance sequence is the most complete of the observed sequences, which independently

confirms the results of the spacing analysis and ∆3 tests.

The reduced width distributions for the other Jπ sequences are shown in Figures 6.23,

6.24, and 6.25. While the large y behavior typically obeys the Porter-Thomas distribution,

the cut-off value for small y varies from sequence to sequence. As the Porter-Thomas distri-

bution predicts many weak levels, the obvious conclusion is that there are weak resonances
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Figure 6.22: Reduced width distribution for the 45Sc s-wave resonance sequence. The
dashed line represents the Porter-Thomas distribution.

that were not observed in this experiment. The results of the spacing analysis and ∆3 tests

also imply that there are missing and spurious levels in these sequences. Thus, all statistical

analyses seem to agree with the results of the reduced width distributions.

The strength functions, S, for each Jπ can be calculated using Equation 2.4. As with

the reduced width distributions, the non-statistical analog resonances must be removed prior

to the calculation of the strength functions. Shown in Table 6.4 are the strength functions

determined from the present experiment and the strength functions determined from the

measurements of Smith [Smi89]. The uncertainty ∆S was determined by the expression

∆SJ = SJ

√

2

N
(6.3)

The strength functions are not a primary concern of this experiment and are presented only

for completeness.
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Figure 6.23: Reduced width distribution for p-wave resonances. The dashed line represents
the Porter-Thomas distribution.
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Figure 6.24: Reduced width distribution for d-wave resonances. The dashed line represents
the Porter-Thomas distribution.
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Figure 6.25: Reduced width distribution for f-wave resonances. The dashed line represents
the Porter-Thomas distribution.
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Table 6.4: Calculated strength functions for the Jπ sequences observed in this experi-
ment. The strength functions calculated from previous work only consider the energy range
Ep = 2.95–3.72 MeV and were determined by Agvaanluvsan [Agv02].

Jπ
∑

γ2obs [keV]
∑

γ2obs [keV] S S

(current work) (previous work)† (current work) (previous work)†

1
2

+
37.50 33.6 0.036 ± .005 0.045 ± .006

1
2

−
48.15 36.6 0.047 ± .007 0.049 ± .006

3
2

−
15.14 14.3 0.015 ± .002 0.019 ± .003

3
2

+
43.94 35.7 0.043 ± .004 0.047 ± .006

5
2

+
25.22 26.8 0.025 ± .003 0.035 ± .006

5
2

−
45.74 0.044 ± .007

† [Agv02]

6.6 Level Densities

Level densities were calculated for the six experimentally observed sequences. The

spacing and width corrections (see Section 2.2.1 and 2.2.2) for the observed fraction are

calculated independently. The two observed fractions, fspacing and fwidth, are combined to

produce a total observed fraction. The total observed fraction is the weighted average of

these two values.

After calculating the corrected number of levels Ncor = Nobs

f , the level density is

simply ρ = Ncor/∆E where ∆E is the energy interval. The uncertainties in ρ arise from

two sources; the statistical error due to the finite number of resonances in each sequence

(∆ρ1) and the statistical error due to the uncertainty in f , (∆ρ2). The two uncertainties

have the form

∆ρ1 = ρ

√

0.27

Ncor
(6.4)

and

∆ρ2 = ρ
∆f

f
, (6.5)

where ∆ρ1 is taken according to Lynn [Lyn68]. The two uncertainties are combined to
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calculate an uncertainty for ρ:

∆ρ =
√

(∆ρ1)2 + (∆ρ2)2 (6.6)

Shown in Table 6.5 are the observed fractions and corrected level densities with

uncertainties for each observed sequence. The Jπ = 1
2

+
sequence has the largest observed

fraction and had the best agreement with the GOE predictions. The other sequences have a

lower observed fraction and poor agreement with the GOE predictions as shown previously.

Table 6.5: Summary of level densities for 45Sc resonances.

Jπ Nobs fspacing fwidth ftotal Ncor ρ [MeV]−1

1
2

+
121 0.95+.03−.04 0.86+.12−.10 0.94+.03−.04 128 127+7−8

1
2

−
116 0.87± .04 0.83+.13−.11 0.87±.04 134 132+8−9

3
2

−
178 0.85± .03 0.66+.08−.07 0.82±.03 216 215±11

3
2

+
203 0.86± .03 0.69+.07−.06 0.83±.03 245 242±12

5
2

+
117 0.85± .04 0.76+.10−.09 0.84±.04 140 138±9

5
2

−
72 0.85± .05 0.61+.10−.08 0.79±.04 91 90+6−7

A potential problem with the two methods of calculating the observed fractions is

the failure of the two results to overlap for the given uncertainties for some of the sequences.

The two methods should agree within uncertainties.

To investigate the J dependence of the level densities, the level densities are com-

pared with the conventional spin dependence of the level density. This formula is:

f(J) ' 2J + 1

2σ2
e−

J(J+1)

2σ2 . (6.7)

Figure 6.26 shows the level densities compared to Equation 6.7 with the spin cut-off pa-

rameter σ taken to be 2.9 [Gil65]. There is a large discrepancy between Equation 6.7 and

the current level densities. The level densities have been fit to determine the value of the

spin cut-off parameter required to fit these data. This fit is shown in Figure 6.27 with the

value of the spin cut-off parameter σ = 1.75. This value is anomalously low and probably

just reinforces the results of the statistical tests; there are missing and spurious levels in
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Figure 6.26: J dependence of the level densities of 45Sc. The hollow circles represent
π = + sequences while the solid circles represent π = - sequences. The dashed line is
the conventional spin dependence f(J) of the level density given by Equation 6.7 with the
parameter σ = 2.9.

the p-wave, d-wave, and f-wave resonance sequences. Since the value of the spin cut-off

parameter depends on accurate measurements of the level densities for J = 3
2 and J = 5

2 ,

this value of the spin cut-off parameter is not realistic.

To investigate the parity dependence of the level densities, it is convenient to intro-

duce a parameter α for the parity asymmetry of the level density:

α =
ρ+ − ρ−
ρ+ + ρ−

, (6.8)

where ρ+ and ρ− are the positive and negative parity level densities for a given value

of J. The parameter α will be zero if there is no parity dependence. The parameter α

will be positive if there are more positive parity states than negative parity states. The

parity asymmetry is listed in Table 6.6 and shown in Figure 6.28. The J = 1
2 value of α is
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Figure 6.27: The spin cut-off parameter of 45Sc. The hollow circles represent π = + se-
quences while the solid circles represent π = - sequences. The dashed line is the conventional
spin dependence f(J) of the level density given by Equation 6.7. The value of the spin cut-
off parameter is σ = 1.75.

−0.02 ± 0.04. This is by far the most accurate value of α since the J = 1
2 sequences have

been determined to be the most pure and complete. While there is a large asymmetry for

J = 5
2 and a slight asymmetry for J = 3

2 , these results are not reliable due to the missing and

spurious levels that the statistical tests indicate. Thus, the analysis of the highest quality

sequences in 45Sc indicates no parity dependence of the level density.
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Table 6.6: Parity asymmetry in the 45Sc resonance level densities.

J α

1
2 -0.02 ± 0.04
3
2 0.06 +0.03

−0.04
5
2 0.21 +0.05

−0.04
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Figure 6.28: The parity asymmetry, α, in the 45Sc level densities.



Chapter 7

Summary and Conclusion

The research presented in this thesis was motivated in part by the results of an

analysis of the parity-dependence of the level densities of 45Sc [Agv02, Agv03a]. The ap-

parent observation of parity-dependence was suggestive although with large uncertainties.

An additional test of the purity and completeness of a sequence indicated many probable

misassigned and missing levels in 45Sc [Agv02, Agv03b]. A measurement that improved the

completeness and purity of the 45Sc levels seemed appropriate.

High-resolution proton scattering measurements of the 44Ca(p,p0) and 44Ca(p,p1)

reactions were performed in the energy range Ep = 2.50–3.53 MeV to identify all levels

and to improve the assignments of the quantum numbers J and π. The observed cross-

sections were analyzed using the multichannel, multilevel, R-matrix code MULTI6. A total

of 809 resonances were observed. A large number (186) of previously unobserved levels were

identified, and the spin and/or parity of many (168) resonances were reassigned.

Statistical tests were performed on the sequences formed from the observed levels.

The Dyson-Mehta ∆3 statistic, the nearest-neighbor spacing distribution, and the reduced

width distribution were all compared to theoretical predictions. The results of the statistical

analyses were mixed. The s-wave resonances were determined very well and agreed with

the predictions of GOE for all statistical tests. The other Jπ sequences did not agree well

with the GOE predictions, presumably due to missing and misassigned levels.
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The 45Sc sequences were tested for purity and completeness using the spacing

anomaly analysis method. This method compares the nearest-neighbor spacings to the

Wigner distribution to identify anomalously large and small spacings. The anomalous

spacings suggest missing or misassigned levels in a sequence. The number of anomalous

spacings has been reduced, indicating the improved quality of the data. Remeasurement

and reanalysis of the experimental data indicated that the small spacings are an excellent

indicator for spin misassignment. Analysis of the two resonances involved in the anoma-

lously small spacing usually led to a reassignment of the spin of one of the resonances.

Anomalously large spacings are reliable indicators of a missing level but only define an en-

ergy region of interest. Reexamination of these regions sometimes led to the observation of

a new resonance with the appropriate spin and parity. However, often no new resonance of

the same Jπ was observed, presumably because the level was too small to be observed.

The introduction of levels with the “wrong” quantum number into a sequence can

be treated as producing a combination of two GOE sequences with appropriate weights.

The general expression is rather complicated [Meh91] but reduces to a very simple form at

x = 0. If the value of the nearest-neighbor spacing distribution at x = 0 can be determined,

one can estimate the number of spurious levels in a sequence. The results of the P (0)

analysis were inconclusive. In practice, it appears difficult to determine an accurate value

of P (0).

The observed fraction of levels for each sequence was determined using two methods.

The width analysis method uses a modified Porter-Thomas distribution to estimate the

observed fraction of levels of a sequence, while the spacing analysis method produces an

estimate of the observed fraction using the nearest-neighbor spacing distribution. The

level densities were determined using the observed fraction estimates. The parity and J-

dependence of the level densities were considered. The experimental J-dependence does

not agree with the conventional spin dependence and the standard value of the spin cut-

off parameter. This probably reflects a significant number of missing levels with higher J

values.
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The failure of most of the sequences to agree with the GOE predictions emphasizes

the experimental limitations. Although the data is of very high quality, it was still difficult

to assign J in many cases. Thus, many of the sequences are not of sufficient purity to

show GOE behavior. No parity dependence is observed in the level densities of the J = 1
2

sequences. Since these sequences are the most pure and complete of all of the measured

sequences, there is no evidence for parity dependence effect for the level densities in 45Sc.



Appendix A

p + 44Ca Data and Fits

This appendix presents the experimentally observed differential cross-sections and

the theoretical fits produced by MULTI6. Each figure consists of a 100-keV energy range of

data for the measured cross-sections at five angles. The 44Ca(p,p0) reaction cross-sections

are presented first, with the 44Ca(p,p1) reaction cross-sections following.
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Appendix B

45Sc Resonance Parameters

This appendix presents the resonance parameters extracted during the analysis of

the cross-section data. The resonance parameters are presented in seven tables. Table B.1

lists all the observed resonances in order of Ep. Each resonance in Table B.1 has been

numbered to allow easy reference between all tables. In Tables B.2–B.8, the resonances are

sorted by Jπ and listed in order of Ep.

Table B.1: 45Sc Resonance Parameters

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

1 2.5014 3
2

+
4 0.14

2† 2.5022 5
2

−
3 0.65 1.5 1 2 1.14

2.5 1 2 1.14

3† 2.5037 5
2

+
3 0.11 2.5 0 2 0.40

4 2.5045 3
2

+
15 0.53

5 2.5094 3
2

−
35 0.27 1.5 1 2 1.09

2.5 1 3 1.63

6∗ 2.5104 1
2

−
30 0.23

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

7 2.5141 3
2

+
5 0.17 1.5 0 1 0.19

8 2.5161 3
2

+
12 0.41 1.5 0 1 0.18

2.5 2 1 3.69

9 2.5166 1
2

+
70 0.25

10∗ 2.5186 1
2

−
30 0.23

11∗ 2.5197 3
2

+
20 0.68 1.5 0 2 0.36

12 2.5205 1
2

−
70 0.52 1.5 1 5 2.54

13 2.5218 1
2

+
200 0.70

14 2.5233 3
2

+
10 0.34

15 2.5234 3
2

−
10 0.07

16 2.5263 3
2

+
17 0.57

17∗ 2.5306 3
2

+
10 0.33 1.5 0 2 0.34

2.5 2 2 6.72

18∗ 2.5315 5
2

+
5 0.17 2.5 0 4 0.67

19 2.5329 1
2

−
100 0.73 1.5 1 2 0.94

20 2.5349 1
2

+
225 0.77

21∗ 2.5358 3
2

−
10 0.07 1.5 1 2 0.93

2.5 1 2 0.93

22 2.5470 3
2

−
13 0.09

23† 2.5476 5
2

+
10 0.32

24∗ 2.5512 3
2

+
40 1.27 1.5 0 2 0.30

2.5 2 2 5.90

25 2.5538 1
2

+
80 0.26

26 2.5559 3
2

−
150 1.04

27∗ 2.5587 1
2

−
15 0.10 1.5 1 5 2.03

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

28 2.5604 1
2

−
100 0.69

29 2.5634 1
2

+
30 0.10

30 2.5646 3
2

−
30 0.21

31 2.5660 1
2

−
30 0.21

32 2.5670 3
2

+
15 0.46

33 2.5676 3
2

−
50 0.34 1.5 1 2 0.77

2.5 1 3 1.15

34 2.5685 3
2

+
10 0.30

35∗ 2.5711 3
2

+
25 0.76

36∗ 2.5770 5
2

−
4 1.04

37 2.5789 1
2

+
60 0.19

38∗ 2.5798 5
2

+
10 0.30

39 2.5830 3
2

−
10 0.07

40 2.5842 1
2

+
115 0.36

41† 2.5848 3
2

+
10 0.29 1.5 0 5 0.62

42 2.5878 1
2

+
60 0.19

43 2.5884 3
2

−
70 0.46 1.5 1 5 1.71

2.5 1 2 0.68

44 2.5894 3
2

−
10 0.07

45∗ 2.5924 1
2

−
20 0.13

46 2.5927 3
2

−
55 0.36 1.5 1 5 1.67

47 2.5962 1
2

+
150 0.46

48† 2.5968 5
2

+
10 0.29

49 2.5987 3
2

−
30 0.19 1.5 1 5 1.61

2.5 1 5 1.61

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

50 2.6014 1
2

−
55 0.35

51† 2.6035 1
2

+
20 0.06

52 2.6038 5
2

+
35 0.98 2.5 0 4 0.45

53† 2.6043 5
2

−
2 0.48

54† 2.6051 5
2

−
2 0.48

55† 2.6059 5
2

+
5 0.14

56∗ 2.6114 3
2

+
10 0.28 1.5 0 5 0.54

57† 2.6125 1
2

−
20 0.13 1.5 1 15 4.48

58 2.6161 3
2

−
350 2.17 1.5 1 25 7.32

2.5 1 20 5.86

59 2.6171 1
2

−
400 2.47

60 2.6209 1
2

+
125 0.37

61 2.6217 3
2

−
75 0.46

62† 2.6227 3
2

−
10 0.06

63 2.6239 3
2

−
200 1.22 1.5 1 25 7.02

2.5 1 5 1.40

64† 2.6252 3
2

−
15 0.09

65 2.6260 1
2

−
350 2.12

66 2.6319 3
2

−
250 1.50 1.5 1 60 16.13

2.5 1 30 8.07

67∗ 2.6324 1
2

−
175 1.05

68 2.6333 3
2

−
30 0.18 1.5 1 10 2.67

69† 2.6335 5
2

−
5 1.12

70 2.6342 1
2

+
30 0.09

71† 2.6361 5
2

−
5 1.11 1.5 1 3 0.79

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

72 2.6402 3
2

−
30 0.18

73 2.6408 3
2

+
25 0.65

74 2.6417 3
2

−
100 0.59 1.5 1 15 3.83

2.5 1 15 3.83

75 2.6451 3
2

−
40 0.23 1.5 1 10 2.51

2.5 1 4 1.00

76∗ 2.6460 3
2

+
25 0.64 1.5 0 8 0.72

77∗ 2.6476 3
2

−
150 0.87

78 2.6492 1
2

−
240 1.40

79 2.6495 1
2

+
40 0.11

80∗ 2.6516 5
2

−
5 1.07 1.5 1 2 0.48

81 2.6530 1
2

+
40 0.11

82 2.6536 3
2

−
60 0.35 2.5 1 5 1.20

83∗ 2.6561 3
2

−
35 0.20 1.5 1 2 0.47

2.5 1 4 0.95

84† 2.6567 3
2

+
20 0.50 1.5 0 6 0.51

85 2.6570 1
2

−
150 0.86

86 2.6577 3
2

+
25 0.62 1.5 0 5 0.43

87∗ 2.6603 3
2

+
5 0.12

88† 2.6623 3
2

+
8 0.20

89† 2.6636 3
2

−
20 0.11 1.5 1 20 4.55

90† 2.6642 5
2

+
20 0.49 2.5 0 2 0.17

91† 2.6650 5
2

−
5 1.03 1.5 1 4 0.90

92† 2.6657 3
2

+
15 0.37 1.5 0 6 0.49

93 2.6681 1
2

−
200 1.12 1.5 1 8 1.78

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

94† 2.6692 3
2

+
15 0.36 1.5 0 15 1.21

95∗ 2.6701 3
2

−
75 0.42 1.5 1 5 1.10

96† 2.6723 3
2

−
10 0.06 1.5 1 10 2.18

97 2.6757 1
2

−
600 3.32

98 2.6761 1
2

+
125 0.34 1.5 2 10 14.20

99† 2.6767 3
2

+
10 0.24 1.5 0 5 0.39

100 2.6791 1
2

+
400 1.07 1.5 2 5 6.98

101∗ 2.6800 7
2

+
15 42.99

102∗ 2.6829 5
2

−
5 0.98

103† 2.6838 3
2

+
10 0.24 1.5 0 2 0.15

2.5 2 1 1.36

104 2.6852 3
2

−
30 0.16 1.5 1 4 0.82

2.5 1 3 0.61

105 2.6860 3
2

−
20 0.11

106† 2.6874 5
2

+
10 0.23 2.5 0 5 0.37

107 2.6886 1
2

+
30 0.08

108 2.6910 1
2

+
140 0.37

109† 2.6917 5
2

−
2 0.39

110∗ 2.6926 3
2

+
40 0.92 1.5 0 2 0.14

111∗ 2.6970 3
2

−
10 0.05 1.5 1 6 1.15

2.5 1 5 0.96

112 2.6994 1
2

+
55 0.14 1.5 2 5 6.26

113∗ 2.7002 5
2

+
20 0.45

114 2.7009 1
2

−
150 0.79 1.5 1 5 0.94

115 2.7072 3
2

−
30 0.16

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].



APPENDIX B. 45Sc RESONANCE PARAMETERS 128

Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

116∗ 2.7086 3
2

+
8 0.18 1.5 0 5 0.33

117† 2.7104 3
2

+
13 0.29 1.5 0 5 0.66

118† 2.7112 3
2

+
6 0.13 1.5 0 10 0.66

119† 2.7125 3
2

−
20 0.10

120 2.7129 1
2

−
125 0.65

121 2.7178 1
2

+
120 0.30

122† 2.7189 3
2

+
5 0.11 1.5 0 3 0.19

123∗ 2.7215 1
2

−
15 0.08

124∗ 2.7227 5
2

−
3 0.53

125 2.7237 1
2

+
15 0.04

126∗ 2.7283 3
2

−
35 0.18 1.5 1 4 0.66

2.5 1 1 0.17

127 2.7289 1
2

−
190 0.96

128† 2.7293 3
2

+
10 0.21 1.5 0 4 0.24

129∗ 2.7321 3
2

−
20 0.10 2.5 1 3 0.49

130 2.7332 3
2

−
45 0.23 1.5 1 3 0.48

131∗ 2.7358 3
2

+
10 0.21

132 2.7381 3
2

+
9 0.19 1.5 0 6 0.35

133∗ 2.7403 3
2

+
22 0.46 2.5 2 4 4.04

134† 2.7417 3
2

+
5 0.10 1.5 0 5 0.29

135∗ 2.7423 1
2

−
30 0.15

136 2.7434 3
2

+
15 0.31 1.5 0 10 0.57

137 2.7470 1
2

−
275 1.34 1.5 1 8 1.20

138 2.7480 1
2

+
5 0.01 1.5 2 5 4.85

139† 2.7491 3
2

−
10 0.05 2.5 1 3 0.45

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

140∗ 2.7496 3
2

+
8 0.16 1.5 0 5 0.28

141 2.7509 3
2

+
15 0.31

142† 2.7522 3
2

−
12 0.06

143 2.7543 1
2

+
10 0.02

144 2.7562 3
2

+
8 0.16

145† 2.7573 5
2

−
3 0.39 1.5 1 5 0.72

146† 2.7580 3
2

−
5 0.02 2.5 1 5 0.71

147† 2.7592 3
2

−
5 0.02 2.5 1 5 0.71

148 2.7611 1
2

−
30 0.14 1.5 1 10 1.41

149† 2.7616 5
2

−
3 0.49 1.5 1 2 0.28

150 2.7627 5
2

+
22 0.44 1.5 2 1 0.90

2.5 0 3 0.16

2.5 2 1 0.90

151 2.7660 1
2

−
450 2.12

152† 2.7665 5
2

−
10 1.60

153† 2.7683 3
2

+
10 0.20 1.5 0 5 0.25

154 2.7687 1
2

+
300 0.70

155 2.7692 5
2

+
20 0.39

156† 2.7695 5
2

−
8 1.27

157† 2.7700 3
2

+
35 0.68 1.5 0 5 0.25

158† 2.7723 3
2

+
10 0.19 1.5 0 15 0.75

159 2.7727 1
2

+
30 0.07

160 2.7760 3
2

−
50 0.23 2.5 1 2 0.26

161∗ 2.7766 3
2

+
20 0.39

162∗ 2.7788 3
2

+
12 0.23 1.5 0 6 0.29

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

163∗ 2.7809 5
2

+
5 0.10

164 2.7842 1
2

−
45 0.21 1.5 1 5 0.63

165∗ 2.7868 3
2

+
25 0.47 1.5 0 5 0.23

166 2.7892 3
2

−
35 0.16

167∗ 2.7895 3
2

+
5 0.09 1.5 0 5 0.23

168† 2.7911 3
2

+
45 0.84 1.5 0 10 0.46

169 2.7916 1
2

−
40 0.18

170 2.7940 5
2

+
45 0.84 2.5 0 2 0.09

171 2.7953 3
2

−
25 0.11 1.5 1 10 1.20

2.5 1 3 0.36

172 2.7965 3
2

−
30 0.13

173 2.7983 3
2

−
25 0.11

174 2.7999 1
2

+
20 0.05

175 2.8008 5
2

+
45 0.83 2.5 0 2 0.09

176 2.8043 1
2

+
500 1.11

177∗ 2.8065 1
2

−
400 1.76 1.5 1 10 1.15

178 2.8073 3
2

−
85 0.37 1.5 1 3 0.34

2.5 1 3 0.34

179∗ 2.8082 1
2

−
50 0.22

180 2.8111 3
2

−
15 0.07 1.5 1 5 0.56

2.5 1 2 0.22

181 2.8120 1
2

+
100 0.22

182∗ 2.8131 3
2

+
20 0.36 1.5 0 7 0.29

183∗ 2.8145 3
2

+
20 0.36 1.5 0 20 0.83

184† 2.8174 3
2

+
5 0.09 1.5 0 4 0.16

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

185† 2.8188 3
2

−
5 0.02 2.5 1 5 0.54

186 2.8212 3
2

−
65 0.28

187 2.8239 3
2

−
5 0.02 2.5 1 5 0.53

188† 2.8236 5
2

−
3 0.42

189 2.8248 3
2

−
45 0.19 1.5 1 4 0.42

2.5 1 2 0.21

190† 2.8252 3
2

+
10 0.18

191∗ 2.8261 3
2

+
30 0.52 1.5 0 15 0.59

192 2.8284 1
2

−
70 0.30

193† 2.8291 3
2

+
10 0.17 1.5 0 5 0.20

194∗ 2.8299 3
2

−
8 0.03 1.5 1 8 0.83

2.5 1 5 0.52

195† 2.8310 3
2

+
10 0.17

196 2.8321 1
2

+
30 0.06

197 2.8329 3
2

+
25 0.43

198 2.8347 3
2

−
10 0.04

199† 2.8362 5
2

−
5 0.68 1.5 1 2 0.20

2.5 1 6 0.20

200∗ 2.8377 3
2

−
15 0.06

201† 2.8380 5
2

−
3 0.40 1.5 1 5 0.50

202 2.8425 1
2

−
175 0.73

203† 2.8441 3
2

+
10 0.17 1.5 0 15 0.55

204 2.8445 3
2

−
120 0.50 2.5 1 3 0.29

205† 2.8458 3
2

+
5 0.08 1.5 0 5 0.18

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

206 2.8476 3
2

−
30 0.12 1.5 1 12 1.15

2.5 1 3 0.29

207 2.8492 5
2

+
45 0.75 1.5 2 2 1.19

2.5 0 5 0.18

2.5 2 2 1.19

208 2.8509 3
2

+
20 0.33 1.5 0 5 0.18

209 2.8515 1
2

+
550 1.14

210† 2.8528 3
2

−
10 0.04

211 2.8543 3
2

−
15 0.06

212 2.8563 3
2

+
15 0.25 1.5 0 10 0.35

1.5 2 2 1.15

2.5 2 2 1.15

213† 2.8571 5
2

+
5 0.08

214∗ 2.8591 3
2

−
30 0.12 1.5 1 10 0.91

2.5 1 5 0.46

215∗ 2.8598 1
2

−
10 0.04 1.5 1 10 0.91

216∗ 2.8628 3
2

+
15 0.24 1.5 0 15 0.51

217∗ 2.8629 5
2

−
5 0.64

218 2.8634 3
2

−
5 0.02 2.5 1 5 0.45

219 2.8646 3
2

−
15 0.06 1.5 1 10 0.89

2.5 1 8 0.71

220† 2.8652 5
2

−
3 0.38 1.5 1 2 0.18

221 2.8670 3
2

−
30 0.12 1.5 1 5 0.44

222 2.8677 1
2

+
180 0.37 1.5 2 5 2.72

223 2.8683 1
2

−
350 1.39 1.5 1 5 0.44

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

224† 2.8687 3
2

+
10 0.16 1.5 0 5 0.17

225 2.8703 1
2

−
10 0.04 1.5 1 5 0.44

226∗ 2.8718 3
2

−
8 0.03 2.5 1 5 0.43

227 2.8736 1
2

+
350 0.70

228 2.8745 5
2

+
10 0.16

229† 2.8754 3
2

−
20 0.08 1.5 1 10 0.85

2.5 1 5 0.43

230∗ 2.8770 3
2

+
10 0.16 1.5 0 4 0.13

231 2.8792 3
2

+
15 0.24 1.5 0 10 0.32

232 2.8800 1
2

−
45 0.18 1.5 1 10 0.84

233∗ 2.8827 3
2

+
30 0.47 1.5 0 5 0.16

234∗ 2.8842 1
2

−
160 0.62 1.5 1 5 0.41

235† 2.8862 5
2

−
3 0.36

236 2.8882 1
2

−
115 0.44 1.5 1 5 0.40

237 2.8897 1
2

+
250 0.49

238† 2.8902 3
2

+
10 0.15 1.5 0 3 0.09

239∗ 2.8905 5
2

+
25 0.38

240† 2.8908 5
2

−
5 0.60 1.5 1 2 0.16

2.5 1 2 0.16

241 2.8917 3
2

+
10 0.15 1.5 0 5 0.15

242 2.8919 1
2

+
90 0.18

243 2.8924 3
2

−
70 0.27 2.5 1 8 0.64

244† 2.8929 3
2

+
5 0.08 1.5 0 3 0.09

245† 2.8940 3
2

+
5 0.08 1.5 0 5 0.15

246∗ 2.8970 3
2

+
22 0.33 1.5 0 5 0.15

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

247† 2.8989 5
2

+
5 0.08

248 2.8995 1
2

−
60 0.23 1.5 1 10 0.77

249∗ 2.9003 3
2

+
15 0.23 1.5 0 20 0.59

250 2.9020 1
2

+
60 0.12 1.5 2 5 2.34

251∗ 2.9033 3
2

+
15 0.23 1.5 0 12 0.35

252 2.9051 3
2

+
10 0.15

253† 2.9052 5
2

−
15 1.73 1.5 1 5 0.38

2.5 1 10 0.75

254 2.9064 1
2

−
10 0.04 1.5 1 5 0.38

255† 2.9082 3
2

−
5 0.02 2.5 1 10 0.74

256∗ 2.9084 1
2

−
40 0.15

257† 2.9099 3
2

+
5 0.07 1.5 0 10 0.28

258 2.9104 3
2

−
45 0.17

259† 2.9143 3
2

+
4 0.06 1.5 0 5 0.14

260 2.9183 3
2

−
30 0.11 2.5 1 3 0.21

261† 2.9201 5
2

−
2 0.22 1.5 1 2 0.14

262† 2.9240 3
2

+
5 0.07 1.5 0 10 0.27

2.5 2 10 4.24

263∗ 2.9251 3
2

−
5 0.02 2.5 1 2 0.14

264† 2.9273 1
2

−
40 0.15 1.5 1 15 1.03

265 2.9315 1
2

+
450 0.84 1.5 2 5 2.05

266† 2.9321 5
2

+
10 0.14

267 2.9339 1
2

+
400 0.74 1.5 2 30 12.19

268† 2.9351 5
2

+
50 0.71 2.5 0 8 0.21

269∗ 2.9382 3
2

+
10 0.14 1.5 0 5 0.13

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

270∗ 2.9401 3
2

+
7 0.10 1.5 0 5 0.13

271 2.9412 1
2

+
15 0.03

272 2.9427 1
2

−
75 0.27 1.5 1 10 0.65

273∗ 2.9467 1
2

−
50 0.18 1.5 1 15 0.96

274∗ 2.9483 3
2

+
20 0.28 1.5 0 2 0.05

2.5 2 2 0.76

275† 2.9493 3
2

+
10 0.14 1.5 0 10 0.25

276 2.9498 1
2

+
150 0.27

277∗ 2.9519 1
2

−
70 0.25 1.5 1 10 0.63

278 2.9531 5
2

+
12 0.16 1.5 2 1 0.37

279∗ 2.9537 1
2

+
8 0.01 1.5 2 20 7.47

280† 2.9552 3
2

−
10 0.04 2.5 1 10 0.62

281 2.9567 1
2

−
150 0.52 1.5 1 10 0.62

282 2.9575 3
2

−
30 0.10 1.5 1 1 0.06

2.5 1 10 0.61

283∗ 2.9593 1
2

+
10 0.02

284† 2.9599 3
2

+
5 0.97 1.5 2 10 3.64

285 2.9631 3
2

+
25 0.34 1.5 0 8 0.19

286∗ 2.9644 5
2

−
8 0.81 1.5 1 8 0.48

287 2.9648 1
2

+
200 0.36 1.5 2 12 4.28

288 2.9652 3
2

−
125 0.43 1.5 1 10 0.60

2.5 1 15 0.89

289† 2.9662 5
2

+
5 0.07 1.5 2 3 1.06

290∗ 2.9672 3
2

−
10 0.03 1.5 1 15 0.89

2.5 1 15 0.89

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

291 2.9698 3
2

+
13 0.17 1.5 0 2 0.05

292∗ 2.9725 5
2

−
5 0.50 1.5 1 10 0.58

2.5 1 5 0.29

293∗ 2.9734 5
2

+
5 0.07 2.5 0 5 0.11

294 2.9744 1
2

+
200 0.35 1.5 2 5 1.71

295 2.9750 5
2

+
10 0.13 1.5 2 3 1.02

2.5 0 4 0.09

296 2.9757 1
2

−
40 0.14 1.5 1 20 1.14

297 2.9771 1
2

−
50 0.17 1.5 1 2 0.11

298∗ 2.9783 5
2

−
8 0.79 2.5 1 5 0.28

299 2.9830 5
2

+
50 0.65 2.5 0 30 0.65

300∗ 2.9848 3
2

+
7 0.09 1.5 0 5 0.11

301 2.9858 1
2

−
50 0.17 1.5 1 5 0.28

302 2.9876 5
2

+
12 0.15 2.5 0 7 0.15

303∗ 2.9887 3
2

−
40 0.13 1.5 1 15 0.82

2.5 1 5 0.27

304∗ 2.9891 1
2

−
100 0.33 1.5 1 10 0.54

305 2.9902 5
2

+
10 0.13 2.5 0 25 0.53

306 2.9908 1
2

+
100 0.17 1.5 2 5 1.60

307∗ 2.9920 3
2

+
20 0.25 1.5 0 15 0.32

308 2.9933 5
2

+
12 0.15 2.5 0 5 0.20

309 2.9950 1
2

+
220 0.38 1.5 2 5 1.57

310 2.9970 3
2

+
20 0.25 1.5 0 70 1.45

311 2.9979 3
2

+
10 0.13 1.5 0 5 0.10

312∗ 2.9999 5
2

−
4 0.38 1.5 1 5 0.26

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

313 3.0007 5
2

+
15 0.19 2.5 0 2 0.04

314 3.0018 1
2

−
30 0.10 1.5 1 100 5.19

315† 3.0041 3
2

+
10 0.12

316 3.0042 1
2

−
1400 4.54 1.5 1 5 0.26

317 3.0046 3
2

−
15 0.05 2.5 1 8 0.41

318 3.0085 1
2

+
15 0.03

319 3.0100 5
2

+
15 0.19 2.5 0 15 0.30

320 3.0103 3
2

−
40 0.13 2.5 1 15 0.75

321 3.0115 5
2

+
70 0.86 2.5 2 10 2.94

322∗ 3.0124 5
2

+
10 0.12 2.5 0 15 0.30

323† 3.0126 5
2

−
10 0.91

324 3.0127 1
2

−
250 0.80 1.5 1 20 1.00

325 3.0147 3
2

−
175 0.56 1.5 1 10 0.50

326 3.0166 3
2

−
20 0.06 1.5 1 10 0.49

2.5 1 2 0.10

327 3.0195 1
2

−
140 0.44 1.5 1 10 0.49

328† 3.0198 3
2

+
5 0.06 1.5 0 5 0.10

329 3.0204 3
2

−
50 0.16 1.5 1 1 0.05

2.5 1 1 0.05

330† 3.0210 1
2

+
20 0.03 1.5 2 8 2.27

331∗ 3.0215 5
2

+
5 0.06 2.5 0 2 0.04

332 3.0221 3
2

−
10 0.03 1.5 1 10 0.48

2.5 1 10 0.48

333∗ 3.0238 3
2

+
30 0.36 2.5 2 10 2.80

334 3.0251 5
2

+
20 0.24 1.5 2 2 0.56

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

335∗ 3.0260 3
2

+
40 0.48 1.5 0 7 0.13

2.5 2 7 1.95

336 3.0266 1
2

+
55 0.09

337∗ 3.0277 3
2

−
50 0.16 1.5 1 3 0.14

2.5 1 5 0.24

338 3.0282 5
2

+
25 0.30 2.5 0 6 0.11

339∗ 3.0286 3
2

+
70 0.83 1.5 0 12 0.22

340 3.0304 5
2

+
20 0.24 2.5 0 15 0.28

341∗ 3.0315 5
2

−
10 0.88 2.5 1 5 0.23

342 3.0318 1
2

+
40 0.07 1.5 2 5 1.36

343∗ 3.0339 5
2

−
10 0.87 1.5 1 20 0.92

2.5 1 20 0.92

344 3.0351 1
2

+
50 0.08 1.5 2 60 16.08

345∗ 3.0358 5
2

+
10 0.12 2.5 0 10 0.18

346 3.0362 1
2

−
230 0.71 1.5 1 5 0.23

347 3.0391 3
2

−
12 0.04 1.5 1 30 1.36

348 3.0401 1
2

−
20 0.06 1.5 1 5 0.23

349 3.0421 3
2

+
5 0.06 1.5 0 20 0.36

350† 3.0436 3
2

+
10 0.12

351† 3.0443 1
2

+
5 0.01 1.5 2 20 5.17

352 3.0481 5
2

+
18 0.21 2.5 0 8 0.14

353 3.0491 1
2

+
100 0.16 1.5 2 5 1.27

354 3.0507 1
2

−
20 0.06

355 3.0514 5
2

+
17 0.20 2.5 0 10 0.17

356† 3.0520 3
2

+
5 0.06 1.5 0 20 0.34

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

357∗ 3.0532 3
2

−
10 0.03 1.5 1 10 0.43

358 3.0559 1
2

+
275 0.44 1.5 2 20 4.94

2.5 2 20 4.94

359∗ 3.0569 1
2

−
50 0.15 1.5 1 50 2.13

360 3.0573 5
2

+
30 0.34

361 3.0588 3
2

−
15 0.05 1.5 1 10 0.42

2.5 1 10 0.42

362† 3.0589 5
2

−
4 0.33

363∗ 3.0609 5
2

−
4 0.33 1.5 1 5 0.21

2.5 1 20 0.84

364 3.0627 5
2

+
3 0.03 2.5 0 3 0.05

365 3.0638 3
2

+
35 0.39 1.5 0 10 0.17

366 3.0645 3
2

−
27 0.08 2.5 1 20 0.83

367† 3.0651 3
2

−
5 0.02 2.5 1 10 0.41

368 3.0660 1
2

+
250 0.39

369† 3.0662 3
2

−
5 0.02 2.5 1 30 1.24

370† 3.0677 3
2

−
10 0.03 1.5 1 10 0.41

2.5 1 7 0.29

371∗ 3.0686 3
2

+
8 0.09 1.5 0 10 0.16

372 3.0714 1
2

+
40 0.06 1.5 2 10 2.33

373 3.0739 5
2

+
25 0.28 2.5 0 10 0.16

374 3.0753 1
2

+
550 0.86 1.5 2 30 6.88

2.5 2 30 6.88

375 3.0760 3
2

+
35 0.38 1.5 0 2 0.03

376∗ 3.0768 5
2

−
5 0.40 2.5 1 2 0.08

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

377 3.0805 3
2

−
150 0.44 1.5 1 5 0.20

2.5 1 5 0.20

378 3.0816 3
2

−
105 0.31 2.5 1 25 0.98

379† 3.0821 3
2

+
10 0.11 1.5 0 20 0.31

380∗ 3.0826 5
2

−
10 0.79 1.5 1 3 0.12

381 3.0839 1
2

+
25 0.04

382 3.0863 3
2

−
225 0.65 1.5 1 10 0.39

383 3.0875 1
2

−
225 0.65 1.5 1 10 0.38

384∗ 3.0883 5
2

+
15 0.16

385 3.0892 5
2

+
30 0.32 2.5 0 10 0.15

386∗ 3.0927 5
2

+
5 0.05

387 3.0930 3
2

−
450 1.29 1.5 1 70 2.63

2.5 1 50 1.88

388 3.0944 1
2

−
30 0.09

389† 3.0955 5
2

−
5 0.38 1.5 1 10 0.37

2.5 1 10 0.37

390 3.0969 1
2

−
25 0.07 1.5 1 10 0.37

391∗ 3.0978 3
2

+
10 0.11 1.5 0 20 0.30

392† 3.0988 3
2

+
5 0.05 1.5 0 20 0.30

393 3.0996 5
2

+
45 0.47 2.5 0 5 0.07

394 3.1007 1
2

−
150 0.42

395 3.1021 1
2

+
200 0.30 1.5 2 10 2.07

396 3.1032 3
2

−
20 0.06 2.5 1 30 1.09

397† 3.1048 5
2

+
5 0.05 2.5 0 10 0.15

398 3.1054 1
2

−
20 0.06 1.5 1 10 0.36

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

399 3.1058 3
2

+
12 0.13

400 3.1068 3
2

−
125 0.35 1.5 1 10 0.36

401∗ 3.1086 5
2

+
5 0.05 2.5 0 10 0.14

402 3.1088 3
2

+
10 0.10 1.5 0 20 0.29

403 3.1128 1
2

+
50 0.08

404† 3.1150 3
2

−
5 0.01 2.5 1 30 1.05

405 3.1154 3
2

+
20 0.21

406 3.1161 1
2

−
100 0.28

407† 3.1183 3
2

+
3 0.03 1.5 0 40 0.56

408 3.1191 1
2

+
40 0.06 1.5 2 20 3.89

409 3.1230 1
2

+
25 0.04

410∗ 3.1232 5
2

−
10 0.72

411 3.1234 3
2

−
60 0.17 1.5 1 8 0.27

2.5 1 10 0.34

412† 3.1239 1
2

−
15 0.04 1.5 1 40 1.36

413† 3.1274 3
2

+
5 0.05 1.5 0 10 0.14

414 3.1287 5
2

+
5 0.05 2.5 0 10 0.14

415 3.1294 1
2

+
30 0.04 1.5 2 5 0.94

416† 3.1298 3
2

−
10 0.03

417∗ 3.1302 5
2

−
5 0.36 1.5 1 10 0.33

418 3.1307 3
2

+
25 0.25

419 3.1390 3
2

+
10 0.10 1.5 0 2 0.03

420 3.1332 3
2

−
30 0.11

421 3.1336 5
2

+
5 0.05 2.5 0 30 0.40

422 3.1343 1
2

+
20 0.03

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

423 3.1352 3
2

−
5 0.01 2.5 1 5 0.16

424† 3.1360 3
2

−
20 0.05

425 3.1362 1
2

+
175 0.26

426 3.1383 1
2

−
1500 4.04 1.5 1 50 1.62

427∗ 3.1413 5
2

−
5 0.35 2.5 1 5 0.16

428 3.1433 5
2

+
20 0.20 2.5 0 5 0.07

429 3.1445 3
2

+
50 0.49 1.5 0 35 0.45

430∗ 3.1461 1
2

−
10 0.03 1.5 1 20 0.63

431 3.1510 3
2

−
50 0.13 1.5 1 20 0.62

2.5 1 70 2.17

432∗ 3.1519 5
2

−
6 0.41 1.5 1 5 0.16

2.5 1 10 0.46

433 3.1527 3
2

−
15 0.04 1.5 1 15 0.46

2.5 1 10 0.31

434 3.1545 3
2

+
20 0.19 1.5 0 40 0.50

435 3.1548 1
2

−
50 0.13

436 3.1550 1
2

+
200 0.29 1.5 2 20 3.42

437 3.1563 3
2

+
25 0.24

438 3.1572 3
2

−
30 0.08 1.5 1 20 0.61

439 3.1576 1
2

−
100 0.26 1.5 1 20 0.61

440 3.1581 3
2

−
75 0.20 1.5 1 100 3.04

2.5 1 60 1.82

441 3.1595 5
2

+
20 0.19

442 3.1596 3
2

−
100 0.26 1.5 1 10 0.30

2.5 1 15 0.45

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

443 3.1611 3
2

+
25 0.24

444 3.1612 1
2

+
100 0.14 1.5 2 10 1.67

445 3.1629 1
2

+
300 0.42

446 3.1636 3
2

+
15 0.14

447 3.1642 1
2

−
150 0.39 1.5 1 150 4.47

448 3.1649 1
2

−
40 0.10 1.5 1 25 0.74

449 3.1656 5
2

+
20 0.19 2.5 0 20 0.24

450∗ 3.1671 5
2

−
10 0.66 1.5 1 25 0.74

451∗ 3.1681 5
2

−
15 0.99 1.5 1 40 1.18

452 3.1693 1
2

−
1250 3.23

453∗ 3.1702 3
2

+
25 0.23 1.5 0 25 0.30

454 3.1707 1
2

−
350 0.90

455 3.1720 1
2

−
60 0.15

456 3.1728 3
2

+
70 0.65 1.5 0 30 0.36

457 3.1731 3
2

−
100 0.26 2.5 1 15 0.43

458 3.1734 3
2

−
60 0.15

459 3.1737 1
2

+
150 0.21 1.5 2 50 8.00

460 3.1743 5
2

+
75 0.70 2.5 0 20 0.24

461 3.1771 5
2

+
75 0.69 2.5 0 40 0.47

462 3.1798 1
2

−
500 1.27 1.5 1 50 1.42

463† 3.1819 3
2

−
10 0.03 2.5 1 10 0.28

464 3.1846 3
2

−
40 0.10 2.5 1 8 0.22

465 3.1852 1
2

+
500 0.69 1.5 2 30 4.61

466 3.1859 3
2

+
15 0.14

467 3.1864 5
2

+
15 0.14 2.5 0 40 0.46

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

468 3.1907 3
2

+
25 0.23 1.5 0 40 0.45

469 3.1919 1
2

−
115 0.29 1.5 1 25 0.68

470† 3.1923 3
2

−
15 0.04 2.5 1 15 0.41

471 3.1931 1
2

+
50 0.07

472 3.1939 3
2

+
15 0.14 1.5 0 10 0.11

473 3.1947 1
2

−
1500 3.75 1.5 1 20 0.54

474 3.1953 1
2

+
300 0.41

475∗ 3.1956 5
2

−
20 1.25

476 3.1962 3
2

+
100 0.90 1.5 0 10 0.11

477∗ 3.1992 1
2

−
40 0.10 1.5 1 100 2.67

478 3.2008 1
2

+
225 0.31 1.5 2 10 1.46

479∗ 3.2011 5
2

−
10 0.62

480† 3.2024 3
2

+
10 0.09 1.5 0 10 0.11

481 3.2030 5
2

+
18 0.16

482 3.2042 3
2

−
20 0.05 1.5 1 10 0.26

2.5 1 40 1.05

483 3.2058 1
2

+
300 0.41 1.5 2 10 1.43

484 3.2067 5
2

+
15 0.13 2.5 0 10 0.11

485 3.2084 1
2

−
60 0.15 1.5 1 10 0.26

486 3.2095 3
2

−
25 0.06 1.5 1 25 0.65

2.5 1 15 0.39

487 3.2101 3
2

+
15 0.13 1.5 0 50 0.53

488† 3.2110 3
2

+
10 0.09 1.5 0 10 0.11

489 3.2112 1
2

−
500 1.22

490∗ 3.2116 3
2

−
40 0.10 2.5 1 40 1.03

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

491∗ 3.2120 5
2

−
10 0.61 1.5 1 20 0.51

492† 3.2137 5
2

+
10 0.09

493† 3.2146 5
2

−
20 1.21 1.5 1 20 0.51

494∗ 3.2149 3
2

+
70 0.61 1.5 0 70 0.74

495† 3.2160 3
2

−
20 0.05 2.5 1 10 0.25

496 3.2173 1
2

+
100 0.13 1.5 2 10 1.38

497† 3.2175 5
2

−
15 0.90

498† 3.2188 3
2

−
15 0.04 1.5 1 10 0.25

2.5 1 10 0.25

499† 3.2194 5
2

+
10 0.09 2.5 0 5 0.05

500† 3.2203 5
2

−
2 0.12 1.5 1 5 0.13

501 3.2211 5
2

+
40 0.35 2.5 0 2 0.02

502 3.2217 3
2

−
15 0.04 2.5 1 2 0.05

503† 3.2226 3
2

+
10 0.09 1.5 0 5 0.05

504∗ 3.2238 5
2

+
15 0.13 2.5 0 5 0.05

505 3.2249 5
2

+
10 0.09

506∗ 3.2252 3
2

−
30 0.07 1.5 1 5 0.12

2.5 1 30 0.74

507† 3.2261 5
2

+
8 0.07 1.5 2 2 0.27

508 3.2266 1
2

+
700 0.93

509† 3.2274 3
2

−
10 0.02 1.5 1 30 0.73

2.5 1 10 0.25

510 3.2285 3
2

−
25 0.06

511 3.2291 5
2

+
50 0.43 2.5 0 35 0.35

512 3.2301 3
2

−
75 0.18 1.5 1 30 0.73

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

513† 3.2311 5
2

−
5 0.29

514∗ 3.2317 3
2

+
30 0.25 1.5 0 50 0.50

515 3.2324 1
2

−
3500 8.35

516† 3.2334 3
2

+
10 0.09 1.5 0 10 0.10

517 3.2339 1
2

+
90 0.12

518∗ 3.2351 3
2

+
20 0.17 1.5 0 5 0.05

519∗ 3.2356 1
2

−
250 0.59

520 3.2363 5
2

+
40 0.34 2.5 0 20 0.20

521† 3.2365 5
2

−
20 1.16

522 3.2390 1
2

+
2000 2.61 1.5 2 20 2.56

523 3.2406 5
2

+
10 0.08 2.5 0 20 0.20

524† 3.2414 5
2

+
30 0.25 2.5 0 8 0.08

525 3.2420 3
2

−
30 0.07 2.5 1 15 0.35

526 3.2436 1
2

−
8000 18.81

527∗ 3.2445 5
2

−
15 0.85 2.5 1 5 0.12

528 3.2457 1
2

−
150 0.35 1.5 1 80 1.85

529 3.2476 1
2

−
1750 4.10 1.5 1 50 1.15

530 3.2488 1
2

+
30 0.04

531† 3.2500 3
2

+
10 0.08 1.5 0 10 0.10

532† 3.2508 5
2

+
2 0.02 1.5 2 5 0.62

533∗ 3.2517 5
2

−
30 1.69

534 3.2518 1
2

+
300 0.39 1.5 2 10 1.23

535† 3.2528 3
2

+
5 0.04 1.5 0 10 0.10

536 3.2537 3
2

+
40 0.33

537† 3.2550 3
2

+
10 0.08 1.5 0 10 0.09

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

538† 3.2557 5
2

+
10 0.08 2.5 0 20 0.19

539∗ 3.2576 5
2

−
10 0.56 1.5 1 10 0.22

540† 3.2586 5
2

−
10 0.55 1.5 1 5 0.11

2.5 1 5 0.11

541 3.2592 5
2

+
5 0.04 2.5 0 5 0.05

542 3.2601 3
2

+
15 0.12

543 3.2603 1
2

+
125 0.16 1.5 2 15 1.79

2.5 2 15 1.79

544 3.2606 5
2

+
15 0.12

545∗ 3.2630 3
2

+
13 0.11 1.5 0 30 0.28

546 3.2662 1
2

+
25 0.03 1.5 2 10 1.17

547∗ 3.2689 3
2

−
20 0.05 1.5 1 15 0.33

2.5 1 10 0.22

548 3.2695 3
2

+
25 0.20 1.5 0 15 0.14

549 3.2706 1
2

−
50 0.11 1.5 1 25 0.54

550 3.2711 1
2

+
150 0.19

551 3.2716 3
2

+
15 0.12 1.5 0 30 0.27

552 3.2746 1
2

−
300 0.68

553† 3.2751 3
2

−
20 0.05 1.5 1 40 0.85

2.5 1 10 0.21

554∗ 3.2759 3
2

+
30 0.24 2.5 2 20 2.26

555∗ 3.2768 3
2

−
15 0.03 1.5 1 30 0.64

2.5 1 15 0.32

556 3.2775 5
2

+
25 0.20 2.5 0 50 0.44

557 3.2782 1
2

−
400 0.90

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].



APPENDIX B. 45Sc RESONANCE PARAMETERS 148

Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

558† 3.2785 3
2

+
10 0.08 2.5 2 10 1.12

559 3.2792 1
2

+
75 0.09 1.5 2 10 1.12

560 3.2816 1
2

−
350 0.79 1.5 1 10 0.21

561∗ 3.2824 5
2

+
5 0.04 2.5 0 20 0.18

562† 3.2840 3
2

−
10 0.02 1.5 1 10 0.21

563† 3.2845 5
2

+
10 0.08 2.5 0 10 0.09

564† 3.2850 5
2

−
5 0.26 1.5 1 5 0.10

2.5 1 5 0.10

565† 3.2857 3
2

−
10 0.02 1.5 1 10 0.21

2.5 1 10 0.21

566† 3.2868 5
2

+
5 0.04 1.5 2 5 0.55

567∗ 3.2877 5
2

−
10 0.53 1.5 1 5 0.10

2.5 1 5 0.10

568 3.2883 1
2

+
125 0.16

569 3.2885 3
2

+
20 0.16 1.5 0 5 0.04

570 3.2892 1
2

−
35 0.08

571 3.2913 3
2

−
30 0.07 1.5 1 10 0.20

2.5 1 120 2.44

572 3.2922 1
2

+
10 0.01 1.5 2 5 0.54

573† 3.2926 3
2

+
10 0.08 1.5 0 2 0.02

574 3.2932 1
2

−
60 0.13

575 3.2955 3
2

+
10 0.08 1.5 0 30 0.25

576∗ 3.2982 3
2

−
50 0.11 1.5 1 20 0.40

2.5 1 5 0.10

577∗ 3.2992 5
2

+
15 0.12 1.5 2 2 0.21

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

578† 3.3015 5
2

−
3 0.15 1.5 1 2 0.04

579 3.3026 3
2

+
25 0.19 1.5 0 10 0.08

580 3.3030 1
2

+
275 0.34

581 3.3034 3
2

+
35 0.27

582† 3.3038 5
2

+
8 0.06 2.5 0 5 0.04

2.5 2 20 2.07

583∗ 3.3046 3
2

+
15 0.11 2.5 2 20 2.06

584 3.3049 1
2

+
125 0.15

585 3.3055 5
2

+
14 0.11 2.5 0 10 0.08

586† 3.3062 3
2

−
8 0.02 2.5 1 10 0.20

587† 3.3067 3
2

+
8 0.06 1.5 0 10 0.08

588 3.3082 3
2

+
25 0.19 2.5 2 5 0.51

589 3.3088 1
2

+
35 0.04 1.5 2 10 1.02

590† 3.3097 3
2

+
10 0.08 1.5 0 10 0.08

591† 3.3106 3
2

+
5 0.04 1.5 0 5 0.04

592 3.3117 3
2

−
75 0.16 1.5 1 60 1.15

2.5 1 50 0.96

593† 3.3139 3
2

+
30 0.22 1.5 0 15 0.12

594 3.3141 1
2

+
350 0.42

595∗ 3.3153 3
2

−
10 0.02 2.5 1 20 0.38

596 3.3174 1
2

+
10 0.01 1.5 2 10 0.99

597† 3.3182 3
2

+
10 0.07 1.5 0 10 0.08

598† 3.3190 3
2

+
5 0.04 2.5 2 15 1.48

599∗ 3.3199 5
2

+
15 0.11 2.5 0 3 0.02

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

600 3.3227 3
2

−
60 0.13 1.5 1 15 0.28

2.5 1 15 0.28

601 3.3237 3
2

−
50 0.11 1.5 1 20 0.37

2.5 1 15 0.28

602 3.3245 1
2

+
1250 1.50

603∗ 3.3248 3
2

−
15 0.03 2.5 1 10 0.19

604∗ 3.3268 3
2

−
15 0.03 1.5 1 15 0.28

2.5 1 15 0.28

605† 3.3271 1
2

−
40 0.09

606 3.3293 3
2

−
85 0.18 2.5 1 10 0.18

607∗ 3.3308 3
2

−
30 0.06 1.5 1 40 0.73

2.5 1 40 0.73

608 3.3322 1
2

+
100 0.12

609∗ 3.3327 5
2

+
20 0.15 2.5 0 30 0.23

610 3.3342 5
2

+
15 0.11 2.5 0 5 0.04

611 3.3347 1
2

+
500 0.59 1.5 2 10 0.94

2.5 2 10 0.94

612 3.3363 5
2

+
50 0.36 2.5 0 4 0.03

613 3.3364 1
2

−
100 0.21

614∗ 3.3372 3
2

−
15 0.03 1.5 1 10 0.18

615 3.3397 3
2

+
20 0.14 1.5 0 5 0.04

2.5 2 10 0.92

616 3.3407 3
2

+
5 0.04 1.5 0 50 0.38

617 3.3429 3
2

+
50 0.36 1.5 0 10 0.08

618 3.3458 5
2

+
20 0.14 2.5 2 10 0.91

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

619 3.3462 1
2

+
30 0.04 1.5 2 20 2.72

620 3.3469 3
2

+
15 0.11 1.5 0 30 0.22

621∗ 3.3483 5
2

+
5 0.04 2.5 0 20 0.15

622 3.3495 3
2

+
50 0.35 1.5 0 10 0.07

2.5 2 10 0.90

623 3.3509 1
2

+
150 0.18

624† 3.3511 3
2

−
15 0.03 1.5 1 20 0.34

2.5 1 5 0.09

625 3.3532 1
2

+
150 0.18 1.5 2 10 0.89

626∗ 3.3535 3
2

−
30 0.06 1.5 1 20 0.34

2.5 1 10 0.17

627 3.3539 3
2

+
25 0.18 1.5 0 50 0.37

628∗ 3.3548 5
2

−
10 0.46 1.5 1 20 0.34

629∗ 3.3571 5
2

+
100 0.70 1.5 2 10 0.88

2.5 0 5 0.04

2.5 2 -20 1.75

630† 3.3584 3
2

−
15 0.03 2.5 1 10 0.17

631 3.3609 3
2

+
15 0.10 1.5 0 8 0.06

2.5 2 15 1.30

632 3.3610 1
2

−
50 0.10 1.5 1 100 1.67

633 3.3626 3
2

+
50 0.35

634 3.3628 1
2

+
400 0.46

635 3.3633 5
2

+
14 0.10

636 3.3637 3
2

+
15 0.10

637† 3.3643 5
2

+
5 0.04 2.5 0 10 0.07

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

638∗ 3.3660 5
2

+
10 0.07 2.5 0 5 0.04

639 3.3686 3
2

+
30 0.21

640 3.3688 1
2

+
350 0.40 1.5 2 10 0.85

641† 3.3689 5
2

−
8 0.36 1.5 1 20 0.33

2.5 1 60 0.98

642∗ 3.3696 5
2

+
10 0.07 1.5 2 2 0.17

643 3.3703 3
2

+
15 0.10 1.5 0 10 0.07

644† 3.3708 5
2

+
5 0.03 2.5 0 5 0.04

645 3.3711 1
2

−
30 0.06 1.5 1 15 0.24

646 3.3723 1
2

−
35 0.07 1.5 1 10 0.16

647 3.3732 3
2

−
100 0.20 1.5 1 15 0.24

648∗ 3.3743 3
2

+
35 0.24 1.5 0 20 0.14

649† 3.3754 3
2

−
10 0.02 2.5 1 10 0.16

650 3.3760 1
2

−
20 0.04

651 3.3766 3
2

+
65 0.44 1.5 0 100 0.69

2.5 2 100 8.26

652† 3.3769 5
2

−
8 0.36

653 3.3770 3
2

−
50 0.10 1.5 1 100 1.60

2.5 1 80 1.28

654† 3.3787 5
2

−
10 0.44 1.5 1 80 1.28

2.5 1 80 1.28

655 3.3809 1
2

+
40 0.05 1.5 2 10 0.82

656 3.3819 3
2

+
30 0.20 1.5 0 5 0.03

2.5 2 20 1.63

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

657∗ 3.3833 3
2

−
20 0.04 1.5 1 40 0.63

2.5 1 25 0.39

658 3.3851 3
2

+
50 0.34 2.5 2 20 1.61

659 3.3852 1
2

+
1000 1.13 1.5 2 25 2.01

2.5 2 25 2.01

660† 3.3857 5
2

−
5 0.22

661 3.3866 3
2

+
10 0.07 1.5 0 10 0.07

662 3.3882 5
2

+
40 0.27 2.5 2 2 0.16

663† 3.3890 1
2

−
30 0.06 1.5 1 30 0.47

664 3.3894 1
2

+
75 0.09 1.5 2 15 1.19

665† 3.3912 1
2

−
10 0.02 1.5 1 10 0.15

666† 3.3932 3
2

+
5 0.03 1.5 0 5 0.03

667 3.3944 3
2

−
45 0.09 2.5 1 20 0.31

668† 3.3946 3
2

+
20 0.13 2.5 2 20 1.56

669∗ 3.3955 3
2

+
15 0.10 2.5 2 15 1.17

670 3.3968 5
2

+
40 0.26 2.5 0 10 0.07

671† 3.3970 1
2

−
20 0.04 1.5 1 20 0.30

672 3.3988 1
2

+
1350 1.51 1.5 2 50 3.86

2.5 2 50 3.86

673∗ 3.3997 3
2

+
15 0.10 1.5 0 20 0.13

674 3.4035 3
2

−
75 0.15 1.5 1 75 1.12

2.5 1 25 0.37

675† 3.4038 3
2

−
25 0.05 1.5 1 50 0.75

676 3.4042 3
2

+
40 0.26 1.5 0 100 0.65

677 3.4050 1
2

−
25 0.05

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

678† 3.4068 3
2

−
10 0.02 2.5 1 40 0.59

679† 3.4077 3
2

+
10 0.07 1.5 0 5 0.03

680† 3.4089 3
2

−
15 0.03 2.5 1 10 0.15

681∗ 3.4093 5
2

−
15 0.63 1.5 1 5 0.07

2.5 1 5 0.07

682† 3.4103 3
2

−
10 0.02 2.5 1 10 0.15

683 3.4116 3
2

+
20 0.13 1.5 0 30 0.19

684 3.4126 5
2

+
15 0.10 1.5 2 30 2.23

2.5 0 30 0.19

685 3.4131 1
2

+
50 0.06

686 3.4135 5
2

+
80 0.52 2.5 0 10 0.06

687∗ 3.4150 3
2

−
20 0.04 1.5 1 30 0.44

2.5 1 25 0.36

688∗ 3.4158 7
2

+
20 9.35

689 3.4170 1
2

−
250 0.48 1.5 1 10 0.14

690 3.4190 1
2

+
100 0.11 1.5 2 100 7.28

2.5 2 100 7.28

691∗ 3.4195 5
2

+
20 0.13 2.5 0 20 0.13

692† 3.4204 3
2

−
10 0.02 1.5 1 20 0.29

693† 3.4214 3
2

+
10 0.06 1.5 0 10 0.06

694∗ 3.4220 3
2

−
75 0.14 1.5 1 100 1.43

2.5 1 100 1.43

695 3.4223 1
2

+
150 0.16

696∗ 3.4257 5
2

+
40 0.25 2.5 0 5 0.03

697 3.4263 3
2

+
60 0.38 1.5 0 30 0.18

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

698 3.4267 1
2

+
200 0.22

699 3.4278 1
2

−
25 0.05

700 3.4284 3
2

+
200 1.26 1.5 0 30 0.18

1.5 2 30 2.12

2.5 2 60 4.25

701∗ 3.4295 1
2

+
25 0.03

702∗ 3.4304 5
2

−
35 1.42 1.5 1 20 0.28

703 3.4314 3
2

+
40 0.25 1.5 0 10 0.06

704 3.4322 1
2

+
1300 1.41 1.5 2 20 1.40

2.5 2 20 1.40

705† 3.4324 3
2

+
20 0.13 1.5 0 20 0.12

706 3.4329 5
2

+
15 0.09

707 3.4332 1
2

−
35 0.07 1.5 1 35 0.49

708 3.4336 3
2

+
14 0.09

709 3.4340 1
2

−
20 0.04 1.5 1 20 0.28

710 3.4360 3
2

−
50 0.09 1.5 1 20 0.28

2.5 1 20 0.28

711 3.4365 5
2

+
17 0.11 2.5 0 15 0.09

712∗ 3.4376 5
2

+
10 0.06 2.5 0 40 0.24

713 3.4411 1
2

−
50 0.09 1.5 1 100 1.36

714∗ 3.4415 3
2

−
50 0.09 2.5 1 100 1.36

715 3.4420 1
2

−
850 1.59 1.5 1 50 0.68

716 3.4425 5
2

+
10 0.06 2.5 0 8 0.05

717 3.4458 3
2

+
10 0.06 1.5 0 10 0.06

718 3.4465 1
2

−
150 0.28

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

719† 3.4472 1
2

+
20 0.02 2.5 2 30 2.01

720∗ 3.4488 3
2

−
50 0.09 1.5 1 20 0.27

721 3.4492 1
2

+
100 0.11

722 3.4496 5
2

+
10 0.06

723 3.4502 1
2

−
100 0.19

724 3.4547 3
2

+
80 0.49 1.5 0 25 0.14

725 3.4555 3
2

−
80 0.15

726 3.4557 1
2

+
60 0.06 1.5 2 20 1.31

2.5 2 20 1.31

727 3.4559 5
2

+
40 0.24 2.5 0 10 0.96

728† 3.4578 5
2

+
10 0.06 2.5 0 5 0.03

2.5 2 5 0.33

729† 3.4586 5
2

−
3 0.12 1.5 1 10 0.13

730 3.4598 3
2

+
50 0.30 1.5 0 25 0.14

731 3.4600 1
2

+
450 0.48

732∗ 3.4605 3
2

+
30 0.18 1.5 0 5 0.03

733† 3.4607 5
2

−
8 0.31

734 3.4613 1
2

−
100 0.18 1.5 1 10 0.13

735∗ 3.4617 3
2

−
50 0.09 1.5 1 40 0.52

2.5 1 40 0.52

736 3.4629 3
2

+
20 0.12 1.5 0 5 0.03

737† 3.4631 1
2

−
25 0.05

738∗ 3.4641 5
2

+
20 0.12 2.5 0 200 1.13

739∗ 3.4651 3
2

−
20 0.04 2.5 1 35 0.45

740† 3.4658 3
2

+
10 0.06 1.5 0 10 0.06

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

741† 3.4669 3
2

−
15 0.03 1.5 1 20 0.26

742 3.4676 1
2

+
150 0.16

743∗ 3.4677 3
2

+
10 0.06

744 3.4681 1
2

−
80 0.15 1.5 1 30 0.38

745 3.4694 3
2

+
300 1.79 1.5 0 60 0.34

2.5 2 20 1.26

746† 3.4702 3
2

−
10 0.02 1.5 1 10 0.13

747 3.4706 3
2

+
50 0.30

748 3.4708 1
2

+
500 0.52 1.5 2 10 0.63

749 3.4714 3
2

+
30 0.18 1.5 0 5 0.03

750† 3.4715 5
2

−
10 0.38

751 3.4727 3
2

−
100 0.18 1.5 1 80 1.01

2.5 1 80 1.01

752† 3.4743 3
2

−
10 0.02 2.5 1 20 0.25

753 3.4750 3
2

+
100 0.59 1.5 0 80 0.44

754 3.4752 1
2

+
300 0.31

755 3.4761 5
2

+
10 0.06 2.5 0 10 0.06

756 3.4773 3
2

−
30 0.05 2.5 1 10 0.12

757 3.4786 3
2

+
100 0.59 1.5 0 100 0.55

2.5 2 10 0.61

758∗ 3.4797 3
2

−
50 0.09 1.5 1 15 0.19

2.5 1 15 0.19

759∗ 3.4820 5
2

−
10 0.37 1.5 1 5 0.06

760∗ 3.4828 3
2

+
80 0.47 1.5 0 50 0.27

761† 3.4841 3
2

−
10 0.02 2.5 1 10 0.12

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

762∗ 3.4845 5
2

+
35 0.20 2.5 0 5 0.03

763† 3.4849 3
2

+
10 0.06 1.5 0 10 0.05

764 3.4862 3
2

−
30 0.05 1.5 1 100 1.22

2.5 1 30 0.37

765 3.4876 5
2

+
20 0.12 2.5 0 30 0.16

2.5 1 10 0.12

766† 3.4894 3
2

+
10 0.06 1.5 0 10 0.05

767 3.4897 1
2

+
125 0.13 1.5 2 15 0.89

2.5 2 15 0.89

768 3.4922 5
2

+
10 0.06 2.5 0 30 0.16

769† 3.4924 5
2

−
5 0.18 1.5 1 5 0.06

2.5 1 5 0.06

770† 3.4932 3
2

+
10 0.06 1.5 0 10 0.05

771† 3.4961 3
2

−
25 0.04 2.5 1 50 0.59

772 3.4966 3
2

−
25 0.04 1.5 1 25 0.30

2.5 1 100 1.19

773 3.4974 3
2

+
30 0.17

774 3.4976 1
2

+
400 0.41 1.5 2 50 2.91

775 3.4984 5
2

+
15 0.09 2.5 0 5 0.03

2.5 2 10 0.58

776 3.5000 1
2

−
700 1.23 1.5 1 25 0.29

777∗ 3.5014 3
2

+
10 0.06 1.5 0 15 0.08

778 3.5027 3
2

−
15 0.03 1.5 1 15 0.18

2.5 1 15 0.18

779 3.5038 3
2

−
45 0.08 2.5 1 10 0.12

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

780 3.5040 1
2

+
20 0.02 1.5 2 60 3.43

781† 3.5042 3
2

−
20 0.04 2.5 1 20 0.23

782 3.5054 3
2

+
40 0.23 2.5 2 25 1.42

783 3.5069 1
2

−
60 0.11

784 3.5075 5
2

+
100 0.57 2.5 0 80 0.41

785 3.5083 3
2

−
250 0.44 1.5 1 10 0.12

2.5 1 25 0.29

786† 3.5090 5
2

−
10 0.35 1.5 1 10 0.12

787 3.5096 5
2

+
10 0.06 2.5 0 10 0.05

788 3.5101 1
2

+
200 0.20 1.5 2 20 1.12

789† 3.5108 5
2

+
10 0.06 2.5 0 10 0.05

790† 3.5124 3
2

+
10 0.06 1.5 0 50 0.25

791 3.5138 3
2

−
50 0.09 1.5 1 20 0.23

2.5 1 50 0.57

792∗ 3.5142 5
2

−
5 0.18

793 3.5147 3
2

+
12 0.08 1.5 0 30 0.15

794 3.5165 3
2

+
25 0.14 1.5 0 40 0.20

795† 3.5181 3
2

+
10 0.06 1.5 0 10 0.05

796 3.5187 3
2

+
25 0.14 1.5 0 25 0.13

797† 3.5196 3
2

−
10 0.02 2.5 1 10 0.11

798 3.5208 3
2

+
150 0.83 1.5 0 15 0.08

2.5 2 10 0.55

799 3.5214 1
2

+
200 0.20 1.5 2 10 0.55

800† 3.5222 3
2

+
10 0.06 1.5 0 10 0.05

801 3.5226 1
2

−
20 0.03

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.1(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

802† 3.5230 5
2

−
10 0.35 1.5 1 20 0.22

2.5 1 10 0.11

803∗ 3.5238 3
2

−
20 0.03 1.5 1 20 0.22

2.5 1 30 0.33

804 3.5249 1
2

+
90 0.09 1.5 2 20 1.08

805† 3.5263 5
2

+
5 0.03 2.5 0 5 0.03

806 3.5263 1
2

−
350 0.60 1.5 1 75 0.83

807 3.5276 5
2

+
15 0.08 1.5 2 20 1.07

808 3.5282 3
2

−
100 0.17 1.5 1 80 0.88

2.5 1 120 1.32

809 3.5320 1
2

−
60 0.10 1.5 1 60 0.65

† Newly observed resonance.

∗ Resonance with Jπ assignment changed from previous work [Wil75, Shr82, Shr83, Smi89].
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Table B.2: 45Sc Resonance Parameters–Jπ = 1
2

+

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

9 2.5166 1
2

+
70 0.25

13 2.5218 1
2

+
200 0.70

20 2.5349 1
2

+
225 0.77

25 2.5538 1
2

+
80 0.26

29 2.5634 1
2

+
30 0.10

37 2.5789 1
2

+
60 0.19

40 2.5842 1
2

+
115 0.36

42 2.5878 1
2

+
60 0.19

47 2.5962 1
2

+
150 0.46

51 2.6035 1
2

+
20 0.06

60 2.6209 1
2

+
125 0.37

70 2.6342 1
2

+
30 0.09

79 2.6495 1
2

+
40 0.11

81 2.6530 1
2

+
40 0.11

98 2.6761 1
2

+
125 0.34 1.5 2 10 14.20

100 2.6791 1
2

+
400 1.07 1.5 2 5 6.98

107 2.6886 1
2

+
30 0.08

108 2.6910 1
2

+
140 0.37

112 2.6994 1
2

+
55 0.14 1.5 2 5 6.26

121 2.7178 1
2

+
120 0.30

125 2.7237 1
2

+
15 0.04

138 2.7480 1
2

+
5 0.01 1.5 2 5 4.85

143 2.7543 1
2

+
10 0.02

154 2.7687 1
2

+
300 0.70

159 2.7727 1
2

+
30 0.07

174 2.7999 1
2

+
20 0.05
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Table B.2(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

176 2.8043 1
2

+
500 1.11

181 2.8120 1
2

+
100 0.22

196 2.8321 1
2

+
30 0.06

209 2.8515 1
2

+
550 1.14

222 2.8677 1
2

+
180 0.37 1.5 2 5 2.72

227 2.8736 1
2

+
350 0.70

237 2.8897 1
2

+
250 0.49

242 2.8919 1
2

+
90 0.18

250 2.9020 1
2

+
60 0.12 1.5 2 5 2.34

265 2.9315 1
2

+
450 0.84 1.5 2 5 2.05

267 2.9339 1
2

+
400 0.74 1.5 2 30 12.19

271 2.9412 1
2

+
15 0.03

276 2.9498 1
2

+
150 0.27

279 2.9537 1
2

+
8 0.01 1.5 2 20 7.47

283 2.9593 1
2

+
10 0.02

287 2.9648 1
2

+
200 0.36 1.5 2 12 4.28

294 2.9744 1
2

+
200 0.35 1.5 2 5 1.71

306 2.9908 1
2

+
100 0.17 1.5 2 5 1.60

309 2.9950 1
2

+
220 0.38 1.5 2 5 1.57

318 3.0085 1
2

+
15 0.03

330 3.0210 1
2

+
20 0.03 1.5 2 8 2.27

336 3.0266 1
2

+
55 0.09

342 3.0318 1
2

+
40 0.07 1.5 2 5 1.36

344 3.0351 1
2

+
50 0.08 1.5 2 60 16.08

351 3.0443 1
2

+
5 0.01 1.5 2 20 5.17

353 3.0491 1
2

+
100 0.16 1.5 2 5 1.27
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Table B.2(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

358 3.0559 1
2

+
275 0.44 1.5 2 20 4.94

2.5 2 20 4.94

368 3.0660 1
2

+
250 0.39

372 3.0714 1
2

+
40 0.06 1.5 2 10 2.33

374 3.0753 1
2

+
550 0.86 1.5 2 30 6.88

2.5 2 30 6.88

381 3.0839 1
2

+
25 0.04

395 3.1021 1
2

+
200 0.30 1.5 2 10 2.07

403 3.1128 1
2

+
50 0.08

408 3.1191 1
2

+
40 0.06 1.5 2 20 3.89

409 3.1230 1
2

+
25 0.04

415 3.1294 1
2

+
30 0.04 1.5 2 5 0.94

422 3.1343 1
2

+
20 0.03

425 3.1362 1
2

+
175 0.26

436 3.1550 1
2

+
200 0.29 1.5 2 20 3.42

444 3.1612 1
2

+
100 0.14 1.5 2 10 1.67

445 3.1629 1
2

+
300 0.42

459 3.1737 1
2

+
150 0.21 1.5 2 50 8.00

465 3.1852 1
2

+
500 0.69 1.5 2 30 4.61

471 3.1931 1
2

+
50 0.07

474 3.1953 1
2

+
300 0.41

478 3.2008 1
2

+
225 0.31 1.5 2 10 1.46

483 3.2058 1
2

+
300 0.41 1.5 2 10 1.43

496 3.2173 1
2

+
100 0.13 1.5 2 10 1.38

508 3.2266 1
2

+
700 0.93

517 3.2339 1
2

+
90 0.12

522 3.2390 1
2

+
2000 2.61 1.5 2 20 2.56
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Table B.2(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

530 3.2488 1
2

+
30 0.04

534 3.2518 1
2

+
300 0.39 1.5 2 10 1.23

543 3.2603 1
2

+
125 0.16 1.5 2 15 1.79

2.5 2 15 1.79

546 3.2662 1
2

+
25 0.03 1.5 2 10 1.17

550 3.2711 1
2

+
150 0.19

559 3.2792 1
2

+
75 0.09 1.5 2 10 1.12

568 3.2883 1
2

+
125 0.16

572 3.2922 1
2

+
10 0.01 1.5 2 5 0.54

580 3.3030 1
2

+
275 0.34

584 3.3049 1
2

+
125 0.15

589 3.3088 1
2

+
35 0.04 1.5 2 10 1.02

594 3.3141 1
2

+
350 0.42

596 3.3174 1
2

+
10 0.01 1.5 2 10 0.99

602 3.3245 1
2

+
1250 1.50

608 3.3322 1
2

+
100 0.12

611 3.3347 1
2

+
500 0.59 1.5 2 10 0.94

2.5 2 10 0.94

619 3.3462 1
2

+
30 0.04 1.5 2 20 2.72

623 3.3509 1
2

+
150 0.18

625 3.3532 1
2

+
150 0.18 1.5 2 10 0.89

634 3.3628 1
2

+
400 0.46

640 3.3688 1
2

+
350 0.40 1.5 2 10 0.85

655 3.3809 1
2

+
40 0.05 1.5 2 10 0.82

659 3.3852 1
2

+
1000 1.13 1.5 2 25 2.01

2.5 2 25 2.01

664 3.3894 1
2

+
75 0.09 1.5 2 15 1.19
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Table B.2(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

672 3.3988 1
2

+
1350 1.51 1.5 2 50 3.86

2.5 2 50 3.86

685 3.4131 1
2

+
50 0.06

690 3.4190 1
2

+
100 0.11 1.5 2 100 7.28

2.5 2 100 7.28

695 3.4223 1
2

+
150 0.16

698 3.4267 1
2

+
200 0.22

701 3.4295 1
2

+
25 0.03

704 3.4322 1
2

+
1300 1.41 1.5 2 20 1.40

2.5 2 20 1.40

719 3.4472 1
2

+
20 0.02 2.5 2 30 2.01

721 3.4492 1
2

+
100 0.11

726 3.4557 1
2

+
60 0.06 1.5 2 20 1.31

2.5 2 20 1.31

731 3.4600 1
2

+
450 0.48

742 3.4676 1
2

+
150 0.16

748 3.4708 1
2

+
500 0.52 1.5 2 10 0.63

754 3.4752 1
2

+
300 0.31

767 3.4897 1
2

+
125 0.13 1.5 2 15 0.89

2.5 2 15 0.89

774 3.4976 1
2

+
400 0.41 1.5 2 50 2.91

780 3.5040 1
2

+
20 0.02 1.5 2 60 3.43

788 3.5101 1
2

+
200 0.20 1.5 2 20 1.12

799 3.5214 1
2

+
200 0.20 1.5 2 10 0.55

804 3.5249 1
2

+
90 0.09 1.5 2 20 1.08
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Table B.3: 45Sc Resonance Parameters–Jπ = 1
2

−

Res. Ep Jπ Γp γ2p sp′ `′p′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

6 2.5104 1
2

−
30 0.23

10 2.5186 1
2

−
30 0.23

12 2.5205 1
2

−
70 0.52 1.5 1 5 2.54

19 2.5329 1
2

−
100 0.73 1.5 1 2 0.94

27 2.5587 1
2

−
15 0.10 1.5 1 5 2.03

28 2.5604 1
2

−
100 0.69

31 2.5660 1
2

−
30 0.21

45 2.5924 1
2

−
20 0.13

50 2.6014 1
2

−
55 0.35

57 2.6125 1
2

−
20 0.13 1.5 1 15 4.48

59 2.6171 1
2

−
400 2.47

65 2.6260 1
2

−
350 2.12

67 2.6324 1
2

−
175 1.05

78 2.6492 1
2

−
240 1.40

85 2.6570 1
2

−
150 0.86

93 2.6681 1
2

−
200 1.12 1.5 1 8 1.78

97 2.6757 1
2

−
600 3.32

114 2.7009 1
2

−
150 0.79 1.5 1 5 0.94

120 2.7129 1
2

−
125 0.65

123 2.7215 1
2

−
15 0.08

127 2.7289 1
2

−
190 0.96

135 2.7423 1
2

−
30 0.15

137 2.7470 1
2

−
275 1.34 1.5 1 8 1.20

148 2.7611 1
2

−
30 0.14 1.5 1 10 1.41

151 2.7660 1
2

−
450 2.12

164 2.7842 1
2

−
45 0.21 1.5 1 5 0.63

‡ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.442 MeV.
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Table B.3(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

169 2.7916 1
2

−
40 0.18

177 2.8065 1
2

−
400 1.76 1.5 1 10 1.15

179 2.8082 1
2

−
50 0.22

192 2.8284 1
2

−
70 0.30

202 2.8425 1
2

−
175 0.73

215 2.8598 1
2

−
10 0.04 1.5 1 10 0.91

223 2.8683 1
2

−
350 1.39 1.5 1 5 0.44

225 2.8703 1
2

−
10 0.04 1.5 1 5 0.44

232 2.8800 1
2

−
45 0.18 1.5 1 10 0.84

234 2.8842 1
2

−
160 0.62 1.5 1 5 0.41

236 2.8882 1
2

−
115 0.44 1.5 1 5 0.40

248 2.8995 1
2

−
60 0.23 1.5 1 10 0.77

254 2.9064 1
2

−
10 0.04 1.5 1 5 0.38

256 2.9084 1
2

−
40 0.15

264 2.9273 1
2

−
40 0.15 1.5 1 15 1.03

272 2.9427 1
2

−
75 0.27 1.5 1 10 0.65

273 2.9467 1
2

−
50 0.18 1.5 1 15 0.96

277 2.9519 1
2

−
70 0.25 1.5 1 10 0.63

281 2.9567 1
2

−
150 0.52 1.5 1 10 0.62

296 2.9757 1
2

−
40 0.14 1.5 1 20 1.14

297 2.9771 1
2

−
50 0.17 1.5 1 2 0.11

301 2.9858 1
2

−
50 0.17 1.5 1 5 0.28

304 2.9891 1
2

−
100 0.33 1.5 1 10 0.54

314 3.0018 1
2

−
30 0.10 1.5 1 100 5.19

316 3.0042 1
2

−
1400 4.54 1.5 1 5 0.26

324 3.0127 1
2

−
250 0.80 1.5 1 20 1.00

‡ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.442 MeV.
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Table B.3(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

327 3.0195 1
2

−
140 0.44 1.5 1 10 0.49

346 3.0362 1
2

−
230 0.71 1.5 1 5 0.23

348 3.0401 1
2

−
20 0.06 1.5 1 5 0.23

354 3.0507 1
2

−
20 0.06

359 3.0569 1
2

−
50 0.15 1.5 1 50 2.13

383 3.0875 1
2

−
225 0.65 1.5 1 10 0.38

388 3.0944 1
2

−
30 0.09

390 3.0969 1
2

−
25 0.07 1.5 1 10 0.37

394 3.1007 1
2

−
150 0.42

398 3.1054 1
2

−
20 0.06 1.5 1 10 0.36

406 3.1161 1
2

−
100 0.28

412 3.1239 1
2

−
15 0.04 1.5 1 40 1.36

426‡ 3.1383 1
2

−
1500 4.04 1.5 1 50 1.62

430‡ 3.1461 1
2

−
10 0.03 1.5 1 20 0.63

435‡ 3.1548 1
2

−
50 0.13

439‡ 3.1576 1
2

−
100 0.26 1.5 1 20 0.61

447‡ 3.1642 1
2

−
150 0.39 1.5 1 150 4.47

448‡ 3.1649 1
2

−
40 0.10 1.5 1 25 0.74

452‡ 3.1693 1
2

−
1250 3.23

454‡ 3.1707 1
2

−
350 0.90

455‡ 3.1720 1
2

−
60 0.15

462‡ 3.1798 1
2

−
500 1.27 1.5 1 50 1.42

469‡ 3.1919 1
2

−
115 0.29 1.5 1 25 0.68

473‡ 3.1947 1
2

−
1500 3.75 1.5 1 20 0.54

477‡ 3.1992 1
2

−
40 0.10 1.5 1 100 2.67

485‡ 3.2084 1
2

−
60 0.15 1.5 1 10 0.26

‡ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.442 MeV.
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Table B.3(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

489‡ 3.2112 1
2

−
500 1.22

515‡ 3.2324 1
2

−
3500 8.35

519‡ 3.2356 1
2

−
250 0.59

526‡ 3.2436 1
2

−
8000 18.81

528‡ 3.2457 1
2

−
150 0.35 1.5 1 80 1.85

529‡ 3.2476 1
2

−
1750 4.10 1.5 1 50 1.15

549 3.2706 1
2

−
50 0.11 1.5 1 25 0.54

552 3.2746 1
2

−
300 0.68

557 3.2782 1
2

−
400 0.90

560 3.2816 1
2

−
350 0.79 1.5 1 10 0.21

570 3.2892 1
2

−
35 0.08

574 3.2932 1
2

−
60 0.13

605 3.3271 1
2

−
40 0.09

613 3.3364 1
2

−
100 0.21

632 3.3610 1
2

−
50 0.10 1.5 1 100 1.67

645 3.3711 1
2

−
30 0.06 1.5 1 15 0.24

646 3.3723 1
2

−
35 0.07 1.5 1 10 0.16

650 3.3760 1
2

−
20 0.04

663 3.3890 1
2

−
30 0.06 1.5 1 30 0.47

665 3.3912 1
2

−
10 0.02 1.5 1 10 0.15

671 3.3970 1
2

−
20 0.04 1.5 1 20 0.30

677 3.4050 1
2

−
25 0.05

689 3.4170 1
2

−
250 0.48 1.5 1 10 0.14

699 3.4278 1
2

−
25 0.05

707 3.4332 1
2

−
35 0.07 1.5 1 35 0.49

709 3.4340 1
2

−
20 0.04 1.5 1 20 0.28

‡ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.442 MeV.
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Table B.3(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

713 3.4411 1
2

−
50 0.09 1.5 1 100 1.36

715 3.4420 1
2

−
850 1.59 1.5 1 50 0.68

718 3.4465 1
2

−
150 0.28

723 3.4502 1
2

−
100 0.19

734 3.4613 1
2

−
100 0.18 1.5 1 10 0.13

737 3.4631 1
2

−
25 0.05

744 3.4681 1
2

−
80 0.15 1.5 1 30 0.38

776 3.5000 1
2

−
700 1.23 1.5 1 25 0.29

783 3.5069 1
2

−
60 0.11

801 3.5226 1
2

−
20 0.03

806 3.5263 1
2

−
350 0.60 1.5 1 75 0.83

809 3.5320 1
2

−
60 0.10 1.5 1 60 0.65

‡ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.442 MeV.
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Table B.4: 45Sc Resonance Parameters–Jπ = 3
2

−

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

5 2.5094 3
2

−
35 0.27 1.5 1 2 1.09

2.5 1 3 1.63

15 2.5234 3
2

−
10 0.07

21 2.5358 3
2

−
10 0.07 1.5 1 2 0.93

2.5 1 2 0.93

22 2.5470 3
2

−
13 0.09

26§ 2.5559 3
2

−
150 1.04

30§ 2.5646 3
2

−
30 0.21

33§ 2.5676 3
2

−
50 0.34 1.5 1 2 0.77

2.5 1 3 1.15

39§ 2.5830 3
2

−
10 0.07

43§ 2.5884 3
2

−
70 0.46 1.5 1 5 1.71

2.5 1 2 0.68

44§ 2.5894 3
2

−
10 0.07

46§ 2.5927 3
2

−
55 0.36 1.5 1 5 1.67

49§ 2.5987 3
2

−
30 0.19 1.5 1 5 1.61

2.5 1 5 1.61

58§ 2.6161 3
2

−
350 2.17 1.5 1 25 7.32

2.5 1 20 5.86

61§ 2.6217 3
2

−
75 0.46

62§ 2.6227 3
2

−
10 0.06

63§ 2.6239 3
2

−
200 1.22 1.5 1 25 7.02

2.5 1 5 1.40

64§ 2.6252 3
2

−
15 0.09

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

66§ 2.6319 3
2

−
250 1.50 1.5 1 60 16.13

2.5 1 30 8.07

68§ 2.6333 3
2

−
30 0.18 1.5 1 10 2.67

72§ 2.6402 3
2

−
30 0.18

74§ 2.6417 3
2

−
100 0.59 1.5 1 15 3.83

2.5 1 15 3.83

75§ 2.6451 3
2

−
40 0.23 1.5 1 10 2.51

2.5 1 4 1.00

77§ 2.6476 3
2

−
150 0.87

82 2.6536 3
2

−
60 0.35 2.5 1 5 1.20

83 2.6561 3
2

−
35 0.20 1.5 1 2 0.47

2.5 1 4 0.95

89 2.6636 3
2

−
20 0.11 1.5 1 20 4.55

95 2.6701 3
2

−
75 0.42 1.5 1 5 1.10

96 2.6723 3
2

−
10 0.06 1.5 1 10 2.18

104 2.6852 3
2

−
30 0.16 1.5 1 4 0.82

2.5 1 3 0.61

105 2.6860 3
2

−
20 0.11

111 2.6970 3
2

−
10 0.05 1.5 1 6 1.15

2.5 1 5 0.96

115 2.7072 3
2

−
30 0.16

119 2.7125 3
2

−
20 0.10

126 2.7283 3
2

−
35 0.18 1.5 1 4 0.66

2.5 1 1 0.17

129 2.7321 3
2

−
20 0.10 2.5 1 3 0.49

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

130 2.7332 3
2

−
45 0.23 1.5 1 3 0.48

139 2.7491 3
2

−
10 0.05 2.5 1 3 0.45

142 2.7522 3
2

−
12 0.06

146 2.7580 3
2

−
5 0.02 2.5 1 5 0.71

147 2.7592 3
2

−
5 0.02 2.5 1 5 0.71

160 2.7760 3
2

−
50 0.23 2.5 1 2 0.26

166 2.7892 3
2

−
35 0.16

171 2.7953 3
2

−
25 0.11 1.5 1 10 1.20

2.5 1 3 0.36

172 2.7965 3
2

−
30 0.13

173 2.7983 3
2

−
25 0.11

178 2.8073 3
2

−
85 0.37 1.5 1 3 0.34

2.5 1 3 0.34

180 2.8111 3
2

−
15 0.07 1.5 1 5 0.56

2.5 1 2 0.22

185 2.8188 3
2

−
5 0.02 2.5 1 5 0.54

186 2.8212 3
2

−
65 0.28

187 2.8239 3
2

−
5 0.02 2.5 1 5 0.53

189 2.8248 3
2

−
45 0.19 1.5 1 4 0.42

2.5 1 2 0.21

194 2.8299 3
2

−
8 0.03 1.5 1 8 0.83

2.5 1 5 0.52

198 2.8347 3
2

−
10 0.04

200 2.8377 3
2

−
15 0.06

204 2.8445 3
2

−
120 0.50 2.5 1 3 0.29

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

206 2.8476 3
2

−
30 0.12 1.5 1 12 1.15

2.5 1 3 0.29

210 2.8528 3
2

−
10 0.04

211 2.8543 3
2

−
15 0.06

214 2.8591 3
2

−
30 0.12 1.5 1 10 0.91

2.5 1 5 0.46

218 2.8634 3
2

−
5 0.02 2.5 1 5 0.45

219 2.8646 3
2

−
15 0.06 1.5 1 10 0.89

2.5 1 8 0.71

221 2.8670 3
2

−
30 0.12 1.5 1 5 0.44

226 2.8718 3
2

−
8 0.03 2.5 1 5 0.43

229 2.8754 3
2

−
20 0.08 1.5 1 10 0.85

2.5 1 5 0.43

243 2.8924 3
2

−
70 0.27 2.5 1 8 0.64

255 2.9082 3
2

−
5 0.02 2.5 1 10 0.74

258 2.9104 3
2

−
45 0.17

260 2.9183 3
2

−
30 0.11 2.5 1 3 0.21

263 2.9251 3
2

−
5 0.02 2.5 1 2 0.14

280 2.9552 3
2

−
10 0.04 2.5 1 10 0.62

282 2.9575 3
2

−
30 0.10 1.5 1 1 0.06

2.5 1 10 0.61

288 2.9652 3
2

−
125 0.43 1.5 1 10 0.60

2.5 1 15 0.89

290 2.9672 3
2

−
10 0.03 1.5 1 15 0.89

2.5 1 15 0.89

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

303 2.9887 3
2

−
40 0.13 1.5 1 15 0.82

2.5 1 5 0.27

317 3.0046 3
2

−
15 0.05 2.5 1 8 0.41

320 3.0103 3
2

−
40 0.13 2.5 1 15 0.75

325 3.0147 3
2

−
175 0.56 1.5 1 10 0.50

326 3.0166 3
2

−
20 0.06 1.5 1 10 0.49

2.5 1 2 0.10

329 3.0204 3
2

−
50 0.16 1.5 1 1 0.05

2.5 1 1 0.05

332 3.0221 3
2

−
10 0.03 1.5 1 10 0.48

2.5 1 10 0.48

337 3.0277 3
2

−
50 0.16 1.5 1 3 0.14

2.5 1 5 0.24

347 3.0391 3
2

−
12 0.04 1.5 1 30 1.36

357 3.0532 3
2

−
10 0.03 1.5 1 10 0.43

361 3.0588 3
2

−
15 0.05 1.5 1 10 0.42

2.5 1 10 0.42

366 3.0645 3
2

−
27 0.08 2.5 1 20 0.83

367 3.0651 3
2

−
5 0.02 2.5 1 10 0.41

369 3.0662 3
2

−
5 0.02 2.5 1 30 1.24

370 3.0677 3
2

−
10 0.03 1.5 1 10 0.41

2.5 1 7 0.29

377∗∗ 3.0805 3
2

−
150 0.44 1.5 1 5 0.20

2.5 1 5 0.20

378∗∗ 3.0816 3
2

−
105 0.31 2.5 1 25 0.98

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

382∗∗ 3.0863 3
2

−
225 0.65 1.5 1 10 0.39

387∗∗ 3.0930 3
2

−
450 1.29 1.5 1 70 2.63

2.5 1 50 1.88

396∗∗ 3.1032 3
2

−
20 0.06 2.5 1 30 1.09

400∗∗ 3.1068 3
2

−
125 0.35 1.5 1 10 0.36

404∗∗ 3.1150 3
2

−
5 0.01 2.5 1 30 1.05

411 3.1234 3
2

−
60 0.17 1.5 1 8 0.27

2.5 1 10 0.34

416 3.1298 3
2

−
10 0.03

420 3.1332 3
2

−
30 0.11

423 3.1352 3
2

−
5 0.01 2.5 1 5 0.16

424 3.1360 3
2

−
20 0.05

431 3.1510 3
2

−
50 0.13 1.5 1 20 0.62

2.5 1 70 2.17

433 3.1527 3
2

−
15 0.04 1.5 1 15 0.46

2.5 1 10 0.31

438 3.1572 3
2

−
30 0.08 1.5 1 20 0.61

440 3.1581 3
2

−
75 0.20 1.5 1 100 3.04

2.5 1 60 1.82

442 3.1596 3
2

−
100 0.26 1.5 1 10 0.30

2.5 1 15 0.45

457 3.1731 3
2

−
100 0.26 2.5 1 15 0.43

458 3.1734 3
2

−
60 0.15

463 3.1819 3
2

−
10 0.03 2.5 1 10 0.28

464 3.1846 3
2

−
40 0.10 2.5 1 8 0.22

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

470 3.1923 3
2

−
15 0.04 2.5 1 15 0.41

482 3.2042 3
2

−
20 0.05 1.5 1 10 0.26

2.5 1 40 1.05

486 3.2095 3
2

−
25 0.06 1.5 1 25 0.65

2.5 1 15 0.39

490 3.2116 3
2

−
40 0.10 2.5 1 40 1.03

495 3.2160 3
2

−
20 0.05 2.5 1 10 0.25

498 3.2188 3
2

−
15 0.04 1.5 1 10 0.25

2.5 1 10 0.25

502 3.2217 3
2

−
15 0.04 2.5 1 2 0.05

506 3.2252 3
2

−
30 0.07 1.5 1 5 0.12

2.5 1 30 0.74

509 3.2274 3
2

−
10 0.02 1.5 1 30 0.73

2.5 1 10 0.25

510 3.2285 3
2

−
25 0.06

512 3.2301 3
2

−
75 0.18 1.5 1 30 0.73

525 3.2420 3
2

−
30 0.07 2.5 1 15 0.35

547 3.2689 3
2

−
20 0.05 1.5 1 15 0.33

2.5 1 10 0.22

553 3.2751 3
2

−
20 0.05 1.5 1 40 0.85

2.5 1 10 0.21

555 3.2768 3
2

−
15 0.03 1.5 1 30 0.64

2.5 1 15 0.32

562 3.2840 3
2

−
10 0.02 1.5 1 10 0.21

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

565 3.2857 3
2

−
10 0.02 1.5 1 10 0.21

2.5 1 10 0.21

571 3.2913 3
2

−
30 0.07 1.5 1 10 0.20

2.5 1 120 2.44

576 3.2982 3
2

−
50 0.11 1.5 1 20 0.40

2.5 1 5 0.10

586 3.3062 3
2

−
8 0.02 2.5 1 10 0.20

592 3.3117 3
2

−
75 0.16 1.5 1 60 1.15

2.5 1 50 0.96

595 3.3153 3
2

−
10 0.02 2.5 1 20 0.38

600 3.3227 3
2

−
60 0.13 1.5 1 15 0.28

2.5 1 15 0.28

601 3.3237 3
2

−
50 0.11 1.5 1 20 0.37

2.5 1 15 0.28

603 3.3248 3
2

−
15 0.03 2.5 1 10 0.19

604 3.3268 3
2

−
15 0.03 1.5 1 15 0.28

2.5 1 15 0.28

606 3.3293 3
2

−
85 0.18 2.5 1 10 0.18

607 3.3308 3
2

−
30 0.06 1.5 1 40 0.73

2.5 1 40 0.73

614 3.3372 3
2

−
15 0.03 1.5 1 10 0.18

624 3.3511 3
2

−
15 0.03 1.5 1 20 0.34

2.5 1 5 0.09

626 3.3535 3
2

−
30 0.06 1.5 1 20 0.34

2.5 1 10 0.17

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

630 3.3584 3
2

−
15 0.03 2.5 1 10 0.17

647 3.3732 3
2

−
100 0.20 1.5 1 15 0.24

649 3.3754 3
2

−
10 0.02 2.5 1 10 0.16

651 3.3766 3
2

+
65 0.44 1.5 0 100 0.69

2.5 2 100 8.26

653 3.3770 3
2

−
50 0.10 1.5 1 100 1.60

2.5 1 80 1.28

657 3.3833 3
2

−
20 0.04 1.5 1 40 0.63

2.5 1 25 0.39

667 3.3944 3
2

−
45 0.09 2.5 1 20 0.31

674 3.4035 3
2

−
75 0.15 1.5 1 75 1.12

2.5 1 25 0.37

675 3.4038 3
2

−
25 0.05 1.5 1 50 0.75

678 3.4068 3
2

−
10 0.02 2.5 1 40 0.59

680 3.4089 3
2

−
15 0.03 2.5 1 10 0.15

682 3.4103 3
2

−
10 0.02 2.5 1 10 0.15

687 3.4150 3
2

−
20 0.04 1.5 1 30 0.44

2.5 1 25 0.36

692 3.4204 3
2

−
10 0.02 1.5 1 20 0.29

694 3.4220 3
2

−
75 0.14 1.5 1 100 1.43

2.5 1 100 1.43

710 3.4360 3
2

−
50 0.09 1.5 1 20 0.28

2.5 1 20 0.28

714 3.4415 3
2

−
50 0.09 2.5 1 100 1.36

720 3.4488 3
2

−
50 0.09 1.5 1 20 0.27

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

725 3.4555 3
2

−
80 0.15

735 3.4617 3
2

−
50 0.09 1.5 1 40 0.52

2.5 1 40 0.52

739 3.4651 3
2

−
20 0.04 2.5 1 35 0.45

741 3.4669 3
2

−
15 0.03 1.5 1 20 0.26

746 3.4702 3
2

−
10 0.02 1.5 1 10 0.13

751 3.4727 3
2

−
100 0.18 1.5 1 80 1.01

2.5 1 80 1.01

752 3.4743 3
2

−
10 0.02 2.5 1 20 0.25

756 3.4773 3
2

−
30 0.05 2.5 1 10 0.12

758 3.4797 3
2

−
50 0.09 1.5 1 15 0.19

2.5 1 15 0.19

761 3.4841 3
2

−
10 0.02 2.5 1 10 0.12

764 3.4862 3
2

−
30 0.05 1.5 1 100 1.22

2.5 1 30 0.37

771 3.4961 3
2

−
25 0.04 2.5 1 50 0.59

772 3.4966 3
2

−
25 0.04 1.5 1 25 0.30

2.5 1 100 1.19

778 3.5027 3
2

−
15 0.03 1.5 1 15 0.18

2.5 1 15 0.18

779 3.5038 3
2

−
45 0.08 2.5 1 10 0.12

781 3.5042 3
2

−
20 0.04 2.5 1 20 0.23

785 3.5083 3
2

−
250 0.44 1.5 1 10 0.12

2.5 1 25 0.29

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.4(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

791 3.5138 3
2

−
50 0.09 1.5 1 20 0.23

2.5 1 50 0.57

797 3.5196 3
2

−
10 0.02 2.5 1 10 0.11

803 3.5238 3
2

−
20 0.03 1.5 1 20 0.22

2.5 1 30 0.33

808 3.5282 3
2

−
100 0.17 1.5 1 80 0.88

2.5 1 120 1.32

§ Identified as a fragment of the analog of the state in 45Ca at Ex = 2.842 MeV.

∗∗ Identified as a fragment of the analog of the state in 45Ca at Ex = 3.241 MeV.
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Table B.5: 45Sc Resonance Parameters–Jπ = 3
2

+

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

1 2.5014 3
2

+
4 0.14

4 2.5045 3
2

+
15 0.53

7 2.5141 3
2

+
5 0.17 1.5 0 1 0.19

8 2.5161 3
2

+
12 0.41 1.5 0 1 0.18

2.5 2 1 3.69

11 2.5197 3
2

+
20 0.68 1.5 0 2 0.36

14 2.5233 3
2

+
10 0.34

16 2.5263 3
2

+
17 0.57

17 2.5306 3
2

+
10 0.33 1.5 0 2 0.34

2.5 2 2 6.72

24 2.5512 3
2

+
40 1.27 1.5 0 2 0.30

2.5 2 2 5.90

32 2.5670 3
2

+
15 0.46

34 2.5685 3
2

+
10 0.30

35 2.5711 3
2

+
25 0.76

41 2.5848 3
2

+
10 0.29 1.5 0 5 0.62

56 2.6114 3
2

+
10 0.28 1.5 0 5 0.54

73 2.6408 3
2

+
25 0.65

76 2.6460 3
2

+
25 0.64 1.5 0 8 0.72

84 2.6567 3
2

+
20 0.50 1.5 0 6 0.51

86 2.6577 3
2

+
25 0.62 1.5 0 5 0.43

87 2.6603 3
2

+
5 0.12

88 2.6623 3
2

+
8 0.20

92 2.6657 3
2

+
15 0.37 1.5 0 6 0.49

94 2.6692 3
2

+
15 0.36 1.5 0 15 1.21

99 2.6767 3
2

+
10 0.24 1.5 0 5 0.39
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Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

103 2.6838 3
2

+
10 0.24 1.5 0 2 0.15

2.5 2 1 1.36

110 2.6926 3
2

+
40 0.92 1.5 0 2 0.14

116 2.7086 3
2

+
8 0.18 1.5 0 5 0.33

117 2.7104 3
2

+
13 0.29 1.5 0 5 0.66

118 2.7112 3
2

+
6 0.13 1.5 0 10 0.66

122 2.7189 3
2

+
5 0.11 1.5 0 3 0.19

128 2.7293 3
2

+
10 0.21 1.5 0 4 0.24

131 2.7358 3
2

+
10 0.21

132 2.7381 3
2

+
9 0.19 1.5 0 6 0.35

133 2.7403 3
2

+
22 0.46 2.5 2 4 4.04

134 2.7417 3
2

+
5 0.10 1.5 0 5 0.29

136 2.7434 3
2

+
15 0.31 1.5 0 10 0.57

140 2.7496 3
2

+
8 0.16 1.5 0 5 0.28

141 2.7509 3
2

+
15 0.31

144 2.7562 3
2

+
8 0.16

153 2.7683 3
2

+
10 0.20 1.5 0 5 0.25

157 2.7700 3
2

+
35 0.68 1.5 0 5 0.25

158 2.7723 3
2

+
10 0.19 1.5 0 15 0.75

161 2.7766 3
2

+
20 0.39

162 2.7788 3
2

+
12 0.23 1.5 0 6 0.29

165 2.7868 3
2

+
25 0.47 1.5 0 5 0.23

167 2.7895 3
2

+
5 0.09 1.5 0 5 0.23

168 2.7911 3
2

+
45 0.84 1.5 0 10 0.46

182 2.8131 3
2

+
20 0.36 1.5 0 7 0.29

183 2.8145 3
2

+
20 0.36 1.5 0 20 0.83

184 2.8174 3
2

+
5 0.09 1.5 0 4 0.16
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Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

190 2.8252 3
2

+
10 0.18

191 2.8261 3
2

+
30 0.52 1.5 0 15 0.59

193 2.8291 3
2

+
10 0.17 1.5 0 5 0.20

195 2.8310 3
2

+
10 0.17

197 2.8329 3
2

+
25 0.43

203 2.8441 3
2

+
10 0.17 1.5 0 15 0.55

205 2.8458 3
2

+
5 0.08 1.5 0 5 0.18

208 2.8509 3
2

+
20 0.33 1.5 0 5 0.18

212 2.8563 3
2

+
15 0.25 1.5 0 10 0.35

1.5 2 2 1.15

2.5 2 2 1.15

216 2.8628 3
2

+
15 0.24 1.5 0 15 0.51

224 2.8687 3
2

+
10 0.16 1.5 0 5 0.17

230 2.8770 3
2

+
10 0.16 1.5 0 4 0.13

231 2.8792 3
2

+
15 0.24 1.5 0 10 0.32

233 2.8827 3
2

+
30 0.47 1.5 0 5 0.16

238 2.8902 3
2

+
10 0.15 1.5 0 3 0.09

241 2.8917 3
2

+
10 0.15 1.5 0 5 0.15

244 2.8929 3
2

+
5 0.08 1.5 0 3 0.09

245 2.8940 3
2

+
5 0.08 1.5 0 5 0.15

246 2.8970 3
2

+
22 0.33 1.5 0 5 0.15

249 2.9003 3
2

+
15 0.23 1.5 0 20 0.59

251 2.9033 3
2

+
15 0.23 1.5 0 12 0.35

252 2.9051 3
2

+
10 0.15

257 2.9099 3
2

+
5 0.07 1.5 0 10 0.28

259 2.9143 3
2

+
4 0.06 1.5 0 5 0.14
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Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

262 2.9240 3
2

+
5 0.07 1.5 0 10 0.27

2.5 2 10 4.24

269 2.9382 3
2

+
10 0.14 1.5 0 5 0.13

270 2.9401 3
2

+
7 0.10 1.5 0 5 0.13

274 2.9483 3
2

+
20 0.28 1.5 0 2 0.05

2.5 2 2 0.76

275 2.9493 3
2

+
10 0.14 1.5 0 10 0.25

284 2.9599 3
2

+
5 0.97 1.5 2 10 3.64

285 2.9631 3
2

+
25 0.34 1.5 0 8 0.19

291 2.9698 3
2

+
13 0.17 1.5 0 2 0.05

300 2.9848 3
2

+
7 0.09 1.5 0 5 0.11

307 2.9920 3
2

+
20 0.25 1.5 0 15 0.32

310 2.9970 3
2

+
20 0.25 1.5 0 70 1.45

311 2.9979 3
2

+
10 0.13 1.5 0 5 0.10

315 3.0041 3
2

+
10 0.12

328 3.0198 3
2

+
5 0.06 1.5 0 5 0.10

333 3.0238 3
2

+
30 0.36 2.5 2 10 2.80

335 3.0260 3
2

+
40 0.48 1.5 0 7 0.13

2.5 2 7 1.95

339 3.0286 3
2

+
70 0.83 1.5 0 12 0.22

349 3.0421 3
2

+
5 0.06 1.5 0 20 0.36

350 3.0436 3
2

+
10 0.12

356 3.0520 3
2

+
5 0.06 1.5 0 20 0.34

365 3.0638 3
2

+
35 0.39 1.5 0 10 0.17

371 3.0686 3
2

+
8 0.09 1.5 0 10 0.16

375 3.0760 3
2

+
35 0.38 1.5 0 2 0.03

379 3.0821 3
2

+
10 0.11 1.5 0 20 0.31
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Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

391 3.0978 3
2

+
10 0.11 1.5 0 20 0.30

392 3.0988 3
2

+
5 0.05 1.5 0 20 0.30

399 3.1058 3
2

+
12 0.13

402 3.1088 3
2

+
10 0.10 1.5 0 20 0.29

405 3.1154 3
2

+
20 0.21

407 3.1183 3
2

+
3 0.03 1.5 0 40 0.56

413 3.1274 3
2

+
5 0.05 1.5 0 10 0.14

418 3.1307 3
2

+
25 0.25

419 3.1390 3
2

+
10 0.10 1.5 0 2 0.03

429 3.1445 3
2

+
50 0.49 1.5 0 35 0.45

434 3.1545 3
2

+
20 0.19 1.5 0 40 0.50

437 3.1563 3
2

+
25 0.24

443 3.1611 3
2

+
25 0.24

446 3.1636 3
2

+
15 0.14

453 3.1702 3
2

+
25 0.23 1.5 0 25 0.30

456 3.1728 3
2

+
70 0.65 1.5 0 30 0.37

466 3.1859 3
2

+
15 0.14

468 3.1907 3
2

+
25 0.23 1.5 0 40 0.45

472 3.1939 3
2

+
15 0.14 1.5 0 10 0.11

476 3.1962 3
2

+
100 0.90 1.5 0 10 0.11

480 3.2024 3
2

+
10 0.09 1.5 0 10 0.11

487 3.2101 3
2

+
15 0.13 1.5 0 50 0.53

488 3.2110 3
2

+
10 0.09 1.5 0 10 0.11

494 3.2149 3
2

+
70 0.61 1.5 0 70 0.74

503 3.2226 3
2

+
10 0.09 1.5 0 5 0.05

514 3.2317 3
2

+
30 0.25 1.5 0 50 0.50

516 3.2334 3
2

+
10 0.09 1.5 0 10 0.10
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Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

518 3.2351 3
2

+
20 0.17 1.5 0 5 0.05

531 3.2500 3
2

+
10 0.08 1.5 0 10 0.10

535 3.2528 3
2

+
5 0.04 1.5 0 10 0.10

536 3.2537 3
2

+
40 0.33

537 3.2550 3
2

+
10 0.08 1.5 0 10 0.09

542 3.2601 3
2

+
15 0.12

545 3.2630 3
2

+
13 0.11 1.5 0 30 0.28

548 3.2695 3
2

+
25 0.20 1.5 0 15 0.14

551 3.2716 3
2

+
15 0.12 1.5 0 30 0.27

554 3.2759 3
2

+
30 0.24 2.5 2 20 2.26

558 3.2785 3
2

+
10 0.08 2.5 2 10 1.12

569 3.2885 3
2

+
20 0.16 1.5 0 5 0.04

573 3.2926 3
2

+
10 0.08 1.5 0 2 0.02

575 3.2955 3
2

+
10 0.08 1.5 0 30 0.25

579 3.3026 3
2

+
25 0.19 1.5 0 10 0.08

581 3.3034 3
2

+
35 0.27

583 3.3046 3
2

+
15 0.11 2.5 2 20 2.06

587 3.3067 3
2

+
8 0.06 1.5 0 10 0.08

588 3.3082 3
2

+
25 0.19 2.5 2 5 0.51

590 3.3097 3
2

+
10 0.08 1.5 0 10 0.08

591 3.3106 3
2

+
5 0.04 1.5 0 5 0.04

593 3.3139 3
2

+
30 0.22 1.5 0 15 0.12

597 3.3182 3
2

+
10 0.07 1.5 0 10 0.08

598 3.3190 3
2

+
5 0.04 2.5 2 15 1.48

615 3.3397 3
2

+
20 0.14 1.5 0 5 0.04

2.5 2 10 0.92

616 3.3407 3
2

+
5 0.04 1.5 0 50 0.38



APPENDIX B. 45Sc RESONANCE PARAMETERS 188

Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

617 3.3429 3
2

+
50 0.36 1.5 0 10 0.08

620 3.3469 3
2

+
15 0.11 1.5 0 30 0.22

622 3.3495 3
2

+
50 0.35 1.5 0 10 0.07

2.5 2 10 0.90

627 3.3539 3
2

+
25 0.18 1.5 0 50 0.37

631 3.3609 3
2

+
15 0.10 1.5 0 8 0.06

2.5 2 15 1.30

633 3.3626 3
2

+
50 0.35

636 3.3637 3
2

+
15 0.10

639 3.3686 3
2

+
30 0.21

643 3.3703 3
2

+
15 0.10 1.5 0 10 0.07

648 3.3743 3
2

+
35 0.24 1.5 0 20 0.14

656 3.3819 3
2

+
30 0.20 1.5 0 5 0.03

2.5 2 20 1.63

658 3.3851 3
2

+
50 0.34 2.5 2 20 1.61

661 3.3866 3
2

+
10 0.07 1.5 0 10 0.07

666 3.3932 3
2

+
5 0.03 1.5 0 5 0.03

668 3.3946 3
2

+
20 0.13 2.5 2 20 1.56

669 3.3955 3
2

+
15 0.10 2.5 2 15 1.17

673 3.3997 3
2

+
15 0.10 1.5 0 20 0.13

676 3.4042 3
2

+
40 0.26 1.5 0 100 0.65

679 3.4077 3
2

+
10 0.07 1.5 0 5 0.03

683 3.4116 3
2

+
20 0.13 1.5 0 30 0.19

693 3.4214 3
2

+
10 0.06 1.5 0 10 0.06

697 3.4263 3
2

+
60 0.38 1.5 0 30 0.18
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Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

700 3.4284 3
2

+
200 1.26 1.5 0 30 0.18

1.5 2 30 2.12

2.5 2 60 4.25

703 3.4314 3
2

+
40 0.25 1.5 0 10 0.06

705 3.4324 3
2

+
20 0.13 1.5 0 20 0.12

708 3.4336 3
2

+
14 0.09

717 3.4458 3
2

+
10 0.06 1.5 0 10 0.06

724 3.4547 3
2

+
80 0.49 1.5 0 25 0.14

730 3.4598 3
2

+
50 0.30 1.5 0 25 0.14

732 3.4605 3
2

+
30 0.18 1.5 0 5 0.03

736 3.4629 3
2

+
20 0.12 1.5 0 5 0.03

740 3.4658 3
2

+
10 0.06 1.5 0 10 0.06

743 3.4677 3
2

+
10 0.06

745 3.4694 3
2

+
300 1.79 1.5 0 60 0.34

2.5 2 20 1.26

747 3.4706 3
2

+
50 0.30

749 3.4714 3
2

+
30 0.18 1.5 0 5 0.03

753 3.4750 3
2

+
100 0.59 1.5 0 80 0.44

757 3.4786 3
2

+
100 0.59 1.5 0 100 0.55

2.5 2 10 0.61

760 3.4828 3
2

+
80 0.47 1.5 0 50 0.27

763 3.4849 3
2

+
10 0.06 1.5 0 10 0.05

766 3.4894 3
2

+
10 0.06 1.5 0 10 0.05

770 3.4932 3
2

+
10 0.06 1.5 0 10 0.05

773 3.4974 3
2

+
30 0.17

777 3.5014 3
2

+
10 0.06 1.5 0 15 0.08

782 3.5054 3
2

+
40 0.23 2.5 2 25 1.42
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Table B.5(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

790 3.5124 3
2

+
10 0.06 1.5 0 50 0.25

793 3.5147 3
2

+
12 0.08 1.5 0 30 0.15

794 3.5165 3
2

+
25 0.14 1.5 0 40 0.20

795 3.5181 3
2

+
10 0.06 1.5 0 10 0.05

796 3.5187 3
2

+
25 0.14 1.5 0 25 0.13

798 3.5208 3
2

+
150 0.83 1.5 0 15 0.08

2.5 2 10 0.55

800 3.5222 3
2

+
10 0.06 1.5 0 10 0.05
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Table B.6: 45Sc Resonance Parameters–Jπ = 5
2

+

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

3 2.5037 5
2

+
3 0.11 2.5 0 2 0.40

18 2.5315 5
2

+
5 0.17 2.5 0 4 0.67

23 2.5476 5
2

+
10 0.32

38 2.5798 5
2

+
10 0.30

48 2.5968 5
2

+
10 0.29

52 2.6038 5
2

+
35 0.98 2.5 0 4 0.45

55 2.6059 5
2

+
5 0.14

90 2.6642 5
2

+
20 0.49 2.5 0 2 0.17

106 2.6874 5
2

+
10 0.23 2.5 0 5 0.37

113 2.7002 5
2

+
20 0.45

150 2.7627 5
2

+
22 0.44 1.5 2 1 0.90

2.5 0 3 0.16

2.5 2 1 0.90

155 2.7692 5
2

+
20 0.39

163 2.7809 5
2

+
5 0.10

170 2.7940 5
2

+
45 0.84 2.5 0 2 0.09

175 2.8008 5
2

+
45 0.83 2.5 0 2 0.09

207 2.8492 5
2

+
45 0.75 1.5 2 2 1.19

2.5 0 5 0.18

2.5 2 2 1.19

213 2.8571 5
2

+
5 0.08

228 2.8745 5
2

+
10 0.16

239 2.8905 5
2

+
25 0.38

247 2.8989 5
2

+
5 0.08

266 2.9321 5
2

+
10 0.14

268 2.9351 5
2

+
50 0.71 2.5 0 8 0.21
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Table B.6(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

278 2.9531 5
2

+
12 0.16 1.5 2 1 0.37

289 2.9662 5
2

+
5 0.07 1.5 2 3 1.06

293 2.9734 5
2

+
5 0.07 2.5 0 5 0.11

295 2.9750 5
2

+
10 0.13 1.5 2 3 1.03

2.5 0 4 0.09

299 2.9830 5
2

+
50 0.65 2.5 0 30 0.65

302 2.9876 5
2

+
12 0.15 2.5 0 7 0.15

305 2.9902 5
2

+
10 0.13 2.5 0 25 0.53

308 2.9933 5
2

+
12 0.15 2.5 0 5 0.20

313 3.0007 5
2

+
15 0.19 2.5 0 2 0.04

319 3.0100 5
2

+
15 0.19 2.5 0 15 0.30

321 3.0115 5
2

+
70 0.86 2.5 2 10 2.94

322 3.0124 5
2

+
10 0.12 2.5 0 15 0.30

331 3.0215 5
2

+
5 0.06 2.5 0 2 0.04

334 3.0251 5
2

+
20 0.24 1.5 2 2 0.56

338 3.0282 5
2

+
25 0.30 2.5 0 6 0.11

340 3.0304 5
2

+
20 0.24 2.5 0 15 0.28

345 3.0358 5
2

+
10 0.12 2.5 0 10 0.18

352 3.0481 5
2

+
18 0.21 2.5 0 8 0.14

355 3.0514 5
2

+
17 0.20 2.5 0 10 0.17

360 3.0573 5
2

+
30 0.34

364 3.0627 5
2

+
3 0.03 2.5 0 3 0.05

373 3.0739 5
2

+
25 0.28 2.5 0 10 0.16

384 3.0883 5
2

+
15 0.16

385 3.0892 5
2

+
30 0.32 2.5 0 10 0.15

386 3.0927 5
2

+
5 0.05

393 3.0996 5
2

+
45 0.47 2.5 0 5 0.07
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Table B.6(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

397 3.1048 5
2

+
5 0.05 2.5 0 10 0.15

401 3.1086 5
2

+
5 0.05 2.5 0 10 0.14

414 3.1287 5
2

+
5 0.05 2.5 0 10 0.14

421 3.1336 5
2

+
5 0.05 2.5 0 30 0.40

428 3.1433 5
2

+
20 0.20 2.5 0 5 0.07

441 3.1595 5
2

+
20 0.19

449 3.1656 5
2

+
20 0.19 2.5 0 20 0.24

460 3.1743 5
2

+
75 0.70 2.5 0 20 0.24

461 3.1771 5
2

+
75 0.69 2.5 0 40 0.47

467 3.1864 5
2

+
15 0.14 2.5 0 40 0.46

481 3.2030 5
2

+
18 0.16

484 3.2067 5
2

+
15 0.13 2.5 0 10 0.11

492 3.2137 5
2

+
10 0.09

499 3.2194 5
2

+
10 0.09 2.5 0 5 0.05

501 3.2211 5
2

+
40 0.35 2.5 0 2 0.02

504 3.2238 5
2

+
15 0.13 2.5 0 5 0.05

505 3.2249 5
2

+
10 0.09

507 3.2261 5
2

+
8 0.07 1.5 2 2 0.27

511 3.2291 5
2

+
50 0.43 2.5 0 35 0.35

520 3.2363 5
2

+
40 0.34 2.5 0 20 0.20

523 3.2406 5
2

+
10 0.08 2.5 0 20 0.20

524 3.2414 5
2

+
30 0.25 2.5 0 8 0.08

532 3.2508 5
2

+
2 0.02 1.5 2 5 0.62

538 3.2557 5
2

+
10 0.08 2.5 0 20 0.19

541 3.2592 5
2

+
5 0.04 2.5 0 5 0.05

544 3.2606 5
2

+
15 0.12

556 3.2775 5
2

+
25 0.20 2.5 0 50 0.44
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Table B.6(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

561 3.2824 5
2

+
5 0.04 2.5 0 20 0.18

563 3.2845 5
2

+
10 0.08 2.5 0 10 0.09

566 3.2868 5
2

+
5 0.04 1.5 2 5 0.55

577 3.2992 5
2

+
15 0.12 1.5 2 2 0.21

582 3.3038 5
2

+
8 0.06 2.5 0 5 0.04

2.5 2 20 2.07

585 3.3055 5
2

+
14 0.11 2.5 0 10 0.08

599 3.3199 5
2

+
15 0.11 2.5 0 3 0.02

609 3.3327 5
2

+
20 0.15 2.5 0 30 0.23

610 3.3342 5
2

+
15 0.11 2.5 0 5 0.04

612 3.3363 5
2

+
50 0.36 2.5 0 4 0.03

618 3.3458 5
2

+
20 0.14 2.5 2 10 0.91

621 3.3483 5
2

+
5 0.04 2.5 0 20 0.15

629 3.3571 5
2

+
100 0.70 1.5 2 10 0.88

2.5 0 5 0.04

2.5 2 -20 1.75

635 3.3633 5
2

+
14 0.10

637 3.3643 5
2

+
5 0.04 2.5 0 10 0.07

638 3.3660 5
2

+
10 0.07 2.5 0 5 0.04

642 3.3696 5
2

+
10 0.07 1.5 2 2 0.17

644 3.3708 5
2

+
5 0.03 2.5 0 5 0.04

662 3.3882 5
2

+
40 0.27 2.5 2 2 0.16

670 3.3968 5
2

+
40 0.26 2.5 0 10 0.07

684 3.4126 5
2

+
15 0.10 1.5 2 30 2.23

2.5 0 30 0.19

686 3.4135 5
2

+
80 0.52 2.5 0 10 0.06

691 3.4195 5
2

+
20 0.13 2.5 0 20 0.13
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Table B.6(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

696 3.4257 5
2

+
40 0.25 2.5 0 5 0.03

706 3.4329 5
2

+
15 0.09

711 3.4365 5
2

+
17 0.11 2.5 0 15 0.09

712 3.4376 5
2

+
10 0.06 2.5 0 40 0.24

716 3.4425 5
2

+
10 0.06 2.5 0 8 0.05

722 3.4496 5
2

+
10 0.06

727 3.4559 5
2

+
40 0.24 2.5 0 10 0.96

728 3.4578 5
2

+
10 0.06 2.5 0 5 0.03

2.5 2 5 0.33

738 3.4641 5
2

+
20 0.12 2.5 0 200 1.13

755 3.4761 5
2

+
10 0.06 2.5 0 10 0.06

762 3.4845 5
2

+
35 0.20 2.5 0 5 0.03

765 3.4876 5
2

+
20 0.12 2.5 0 30 0.16

2.5 1 10 0.12

768 3.4922 5
2

+
10 0.06 2.5 0 30 0.16

775 3.4984 5
2

+
15 0.09 2.5 0 5 0.03

2.5 2 10 0.58

784 3.5075 5
2

+
100 0.57 2.5 0 80 0.41

787 3.5096 5
2

+
10 0.06 2.5 0 10 0.05

789 3.5108 5
2

+
10 0.06 2.5 0 10 0.05

805 3.5263 5
2

+
5 0.03 2.5 0 5 0.03

807 3.5276 5
2

+
15 0.08 1.5 2 20 1.07
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Table B.7: 45Sc Resonance Parameters–Jπ = 5
2

−

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

2 2.5022 5
2

−
3 0.65 1.5 1 2 1.14

2.5 1 2 1.14

36 2.5770 5
2

−
4 1.04

53 2.6043 5
2

−
2 0.48

54 2.6051 5
2

−
2 0.48

69 2.6335 5
2

−
5 1.12

71 2.6361 5
2

−
5 1.11 1.5 1 3 0.79

80 2.6516 5
2

−
5 1.07 1.5 1 2 0.48

91 2.6650 5
2

−
5 1.03 1.5 1 4 0.90

102 2.6829 5
2

−
5 0.98

109 2.6917 5
2

−
2 0.39

124 2.7227 5
2

−
3 0.53

145 2.7573 5
2

−
3 0.39 1.5 1 5 0.72

149 2.7616 5
2

−
3 0.49 1.5 1 2 0.28

152 2.7665 5
2

−
10 1.60

156 2.7695 5
2

−
8 1.27

188 2.8236 5
2

−
3 0.42

199 2.8362 5
2

−
5 0.68 1.5 1 2 0.20

2.5 1 6 0.20

201 2.8380 5
2

−
3 0.40 1.5 1 5 0.50

217 2.8629 5
2

−
5 0.64

220 2.8652 5
2

−
3 0.38 1.5 1 2 0.18

235 2.8862 5
2

−
3 0.36

240 2.8908 5
2

−
5 0.60 1.5 1 2 0.16

2.5 1 2 0.16

All observed f-wave resonances are arbitrarily assigned J = 5
2
.
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Table B.7(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

253 2.9052 5
2

−
15 1.73 1.5 1 5 0.38

2.5 1 10 0.75

261 2.9201 5
2

−
2 0.22 1.5 1 2 0.14

286 2.9644 5
2

−
8 0.81 1.5 1 8 0.48

292 2.9725 5
2

−
5 0.50 1.5 1 10 0.58

2.5 1 5 0.29

298 2.9783 5
2

−
8 0.79 2.5 1 5 0.28

312 2.9999 5
2

−
4 0.38 1.5 1 5 0.26

323 3.0126 5
2

−
10 0.91

341 3.0315 5
2

−
10 0.88 2.5 1 5 0.23

343 3.0339 5
2

−
10 0.87 1.5 1 20 0.92

2.5 1 20 0.92

362 3.0589 5
2

−
4 0.33

363 3.0609 5
2

−
4 0.33 1.5 1 5 0.21

2.5 1 20 0.84

376 3.0768 5
2

−
5 0.40 2.5 1 2 0.08

380 3.0826 5
2

−
10 0.79 1.5 1 3 0.12

389 3.0955 5
2

−
5 0.38 1.5 1 10 0.37

2.5 1 10 0.37

410 3.1232 5
2

−
10 0.72

417 3.1302 5
2

−
5 0.36 1.5 1 10 0.33

427 3.1413 5
2

−
5 0.35 2.5 1 5 0.16

432 3.1519 5
2

−
6 0.41 1.5 1 5 0.16

2.5 1 10 0.46

450 3.1671 5
2

−
10 0.66 1.5 1 25 0.74

451 3.1681 5
2

−
15 0.99 1.5 1 40 1.18

All observed f-wave resonances are arbitrarily assigned J = 5
2
.
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Table B.7(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

475 3.1956 5
2

−
20 1.25

479 3.2011 5
2

−
10 0.62

491 3.2120 5
2

−
10 0.61 1.5 1 20 0.51

493 3.2146 5
2

−
20 1.21 1.5 1 20 0.51

497 3.2175 5
2

−
15 0.90

500 3.2203 5
2

−
2 0.12 1.5 1 5 0.13

513 3.2311 5
2

−
5 0.29

521 3.2365 5
2

−
20 1.16

527 3.2445 5
2

−
15 0.85 2.5 1 5 0.12

533 3.2517 5
2

−
30 1.69

539 3.2576 5
2

−
10 0.56 1.5 1 10 0.22

540 3.2586 5
2

−
10 0.55 1.5 1 5 0.11

2.5 1 5 0.11

564 3.2850 5
2

−
5 0.26 1.5 1 5 0.10

2.5 1 5 0.10

567 3.2877 5
2

−
10 0.53 1.5 1 5 0.10

2.5 1 5 0.10

578 3.3015 5
2

−
3 0.15 1.5 1 2 0.04

628 3.3548 5
2

−
10 0.46 1.5 1 20 0.34

641 3.3689 5
2

−
8 0.36 1.5 1 20 0.33

2.5 1 60 0.98

652 3.3769 5
2

−
8 0.36

654 3.3787 5
2

−
10 0.44 1.5 1 80 1.28

2.5 1 80 1.28

660 3.3857 5
2

−
5 0.22

All observed f-wave resonances are arbitrarily assigned J = 5
2
.
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Table B.7(continued)

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

681 3.4093 5
2

−
15 0.63 1.5 1 5 0.07

2.5 1 5 0.07

702 3.4304 5
2

−
35 1.42 1.5 1 20 0.28

729 3.4586 5
2

−
3 0.12 1.5 1 10 0.13

733 3.4607 5
2

−
8 0.31

750 3.4715 5
2

−
10 0.38

759 3.4820 5
2

−
10 0.37 1.5 1 5 0.06

769 3.4924 5
2

−
5 0.18 1.5 1 5 0.06

2.5 1 5 0.06

786 3.5090 5
2

−
10 0.35 1.5 1 10 0.12

792 3.5142 5
2

−
5 0.18

802 3.5230 5
2

−
10 0.35 1.5 1 20 0.22

2.5 1 10 0.11

All observed f-wave resonances are arbitrarily assigned J = 5
2
.
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Table B.8: 45Sc Resonance Parameters–Jπ = 7
2

+

Res. Ep Jπ Γp γ2p s′ `′ Γp′ γ2p′

# (MeV) (eV) (keV) (eV) (keV)

101 2.6800 7
2

+
15 42.99

688 3.4158 7
2

+
20 9.35



Appendix C

45Ca Adopted Levels

This appendix presents the spectroscopic information for the levels in 45Ca as

adopted in Nuclear Data Sheets [Bur92, Bur83]. The information about the levels in 45Ca

is necessary to identify analog resonances in 45Sc.

Table C.1: 45Ca Adopted Levels

Ex (keV)† Jπ† T 1
2

† Sdp
‡

0.0 7
2

−
163.8 d 2.9

174.269 5
2

−
0.40 ns 0.65

1434.74 3
2

−
1.10 ps 0.40

1554.37
(

11
2

−
)

>2.1 ps

1558

1584

1879.91 3
2

+
0.05 ps

1884.3 0.12

1899.90 3
2

−
1.12 ps 2.2

1940.19

1973 5
2

−
, 72

−
0.08

2249.08 1
2

−
0.43 ps 0.30

† [Bur92]

‡ [Bur83]
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Table C.1(continued)

Ex (keV)† Jπ† T 1
2

† Sdp
‡

2353.81 1
2

+
, 32
+
, 52
+

4.7 ns

2392.38 1
2

+
0.19 ps 0.10

2523.1
(

3
2 ,
5
2 ,
7
2

)

2599

2683
(

3
2 ,
5
2

)

2771.12 1
2

+
, 32
+
, 52
+

2786

2842.07 3
2

−
22 fs 0.34

2877.99
(

15
2

−
)

>2.1 ps

2953

2976.8 5
2

−
42 fs 0.34

3023.7 1
2 ,
3
2 ,
5
2

3035

3151

3241.35 3
2

−
36 fs 0.14

3278

3294.5
(

3
2

+
, 52
+
)

(0.01)

3322 5
2

−
, 72

−
0.28

3348

3418.34 1
2

−
35 fs

3442 1
2

−
, 32

−
0.49

3463

3490.8 3
2

−
, 52
+

3556.01

3560
(

1
2

+
)

3654.0 1
2 ,
3
2 ,
5
2

† [Bur92]

‡ [Bur83]
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Table C.1(continued)

Ex (keV)† Jπ† T 1
2

† Sdp
‡

3675

3705.0 1
2 ,
3
2 ,
5
2

3753

3783.28 1
2

−
, 32

−
<26 fs 0.08

3838.03
(

1
2

)−
<15 fs 0.19

† [Bur92]

‡ [Bur83]



Appendix D

Unfolded Sequences

In this appendix, the effects of unfolding the energy dependence of the level density

are shown. In each of the following figures, the cumulative number of levels N(E) is plotted

for both the experimental excitation energies and the unfolded values of those energies. The

upper curve in each plot shows N(E) for the unfolded energies while the lower curve shows

N(E) for the true energies. The unfolding procedure is described in Section 6.1.
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Figure D.1: N(E) plots for experimental and unfolded values of Ex for the s-wave resonance
sequence.



APPENDIX D. UNFOLDED SEQUENCES 206

 0

 20

 40

 60

 80

 100

 120

9.4 9.6 9.8 10.0 10.2 10.4

N
(E

)

Ex (MeV)

p + 44Ca 

 Jπ=1/2-

 0

 20

 40

 60

 80

 100

 120

 140

 160

 180

9.4 9.6 9.8 10.0 10.2 10.4

N
(E

)

Ex (MeV)

p + 44Ca 

 Jπ=3/2-

Figure D.2: N(E) plots for experimental and unfolded values of Ex for p-wave resonance
sequences.
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Figure D.3: N(E) plots for experimental and unfolded values of Ex for d-wave resonance
sequences.
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Figure D.4: N(E) plots for experimental and unfolded values of Ex for the f-wave resonance
sequence.
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