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ABSTRACT

NUCLEAR STRUCTURE NEAR N=Z=28: STUDY OF NEUTRON-DEFICIENT
NICKEL ISOTOPES VIA ONE-NEUTRON KNOCKOUT AND
INTERMEDIATE-ENERGY COULOMB EXCITATION

By

Kathleen Louise Miller

Two experiments were performed at the National Superconducting Cyclotron Lab-
oratory to study nuclear structure in the vicinity of the N = Z = 28 doubly-magic
shell closure. The %Ni nucleus is the lightest radioactive doubly-closed-shell nucleus.
Previous measurements of large reduced transition probabilities to the first excited
state of 6Ni have suggested that the properties of radioactive doubly-magic nuclei
may not mirror those of stable closed-shell nuclei.

The single-particle structure of the neighboring nucleus 3’Ni was studied via one-
neutron knockout. Spectroscopic factors of C2S = 0.56(11) to the ground state and
C?S = 4.3(3) to excited states of the core fragment *Ni were measured for the
ground state of 5’Ni. The measured spectroscopic factors only exhaust 50-60% of
those predicted by the nuclear shell model. The measured reductions are consistent
with those observed from other nucleon-knockout and electron scattering experiments
on well-bound stable nuclei. In addition to other known excited states, an excited state
in %®Ni was observed at 5661(72) keV with de-excitation gamma rays of 1726(10) keV
and 3027(71) keV. This confirms the existence of a state previously suggested at
5668 keV, but due to angular momentum selection rules does not agree with the
suggested spin and parity of J™ = 6%.

The excited states and reduced transition probabilities for the nuclei *2Fe and
54,55,56,58Ni were measured in an intermediate-energy Coulomb excitation experiment.
A B(E2 1) of 494(119) e*fm* to the first excited state of *Ni was measured, and

a weighted average of 548(51) e*fm?* for the three previous measurements and the



current measurement was determined. The average value was found to disagree with
a theoretical prediction which assumed a structure for 56Ni like that for the doubly-
magic stable nuclei. An energy of 1396(5) keV for the first excited state of >Ni was
measured for the first time. The transition probability to the first excited state was
measured to be B(E2 1) = 626(169) e*fm*. The energy of the excited state and
B(E2 1) for *Ni are both comparable to the same quantities for the mirror nucleus
54Fe. A shell model calculation predicted that the transition probability for ®*Ni would
be lower than that for doubly-magic 56Ni, while the opposite trend was observed.
The doubly-magic status of the 3Ni nucleus is reinforced, although the disagreement
between the shell-model predictions and measured transition probabilities for 56Ni
still leave the strength of the N = Z = 28 shell closure in question.

A reduced transition probability of B(E2 1) = 817(102) e?*fm? to the first excited
state of ®?Fe was measured for the first time, and the increase in B(E2 1) with respect
to **Fe agrees with shell-model expectations. The transition strength to an excited
state of 5°Ni with a de-excitation gamma ray at 2879(10) keV was observed. The spin
and parity of the associated excited state at 2888(7) keV was unknown, thus transition
probabilities were calculated for excited states with J™ = 9/2~ and J™ = 11/27. Both
transition probabilities were higher than those predicted in a shell model calculation,
possibly explained by the existence of an unobserved gamma-ray doublet or feeding

from higher-lying states.
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Chapter 1

Introduction

1.1 The study of nuclear structure

The atomic nucleus is a system composed of nucleons bound together by the strong
force. Protons with charge e and neutrons with zero charge are treated theoretically
as different states of the nucleon. Elements are named according to proton number
Z, and nuclei are further characterized by the number of neutrons N and the mass
number A = N + Z. Nuclei with the same Z but different IV are isotopes, while those
with the same N and different Z are isotones.

The goals of the study of nuclear physics are to understand the force between
nucleons, the structure of nuclei, and the nature of nuclear interactions with each
other and with other subatomic particles. Nuclear structure research focuses on prop-
erties of nuclei such as the energies of excited states, nuclear shapes, electromag-
netic moments and transition rates between excited states and the ground state, and
how nuclei transform into different nuclei. Transformations between nuclei can occur
through the processes of 3 decay, fission, fusion, and nucleon transfer. Experimen-
tal techniques used to study nuclear structure include Coulomb excitation, 3 decay,
fusion-evaporation reactions, transfer reactions, Coulomb dissociation, and breakup

reactions. In addition to providing information about the structure of individual nu-



clei, nuclear structure studies provide experimental information that can be used by
theorists to explain the nature of nuclear forces.

Experimental nuclear physics initially focused on stable nuclei, which comprise
only about 300 of the 10,000 nuclei predicted to exist. With the advent of facilities
capable of producing radioactive beams with sufficient intensity for study, the focus
of many experimentalists has turned to studying such radioactive, or “exotic,” nuclei.
At radioactive beam facilities, nuclei are studied in inverse kinematics. A beam of the
exotic nucleus of interest is created which interacts with a stationary target of stable
nuclei. The target nuclei are used to induce the type of reaction under study. The
target can be used to add nucleons to, or remove nucleons from, the radioactive nu-
cleus to induce a transformation to another nucleus. As an example, the one-nucleon
knockout technique uses a light stable target to remove one nucleon from the ra-
dioactive nucleus of interest, to study both the wavefunction of the initial nucleus
and the excited state structure of the final nucleus. One-nucleon knockout on the
radioactive nucleus 5"Ni is discussed in Chapter 2. The target can alternately be used
to inject energy into a nucleus to promote it to an excited state. The behavior of
the nucleus as it de-excites is subsequently observed. An example of such a technique
is intermediate-energy Coulomb excitation. In this technique, discussed in detail in
Chapter 3, the stable target nuclei are used to excite the radioactive nucleus of inter-
est via the well-understood electromagnetic force, and de-excitation gamma rays are

measured to determine transition rates between states.

1.2 The nuclear shell model

There have been many attempts to explain the structure of nuclei since the discovery
of the nucleus at the beginning of the 20th century. While the strong force plays the
dominant role in the forces between nucleons, the electromagnetic and weak forces

also influence the nucleons’ interaction. However, unlike the electromagnetic force,



the residual strong force between nucleons is still poorly understood. Thus nuclear
models, or simplified views of nuclear structure which contain the essentials of nuclear
physics, have been developed to explain the behavior of stable and radioactive nuclei.
A successful model must account for previously measured nuclear properties and be
able to make reasonably accurate predictions for future measurements. The models of
nuclear structure developed to date fall into two categories, collective and microscopic.

Collective models focus on the behavior of the nucleons as they act together. The
vibrational model, where nuclear excited states are described by the vibration of the
nucleons as a whole, is one example of a collective model. Another example is the
rotational model, where excitations are induced by the rotation of statically-deformed
nuclei.

Microscopic models describe the nucleus in terms of the individual degrees of
freedom of the nucleons, as opposed to collective degrees of freedom for all A nucle-
ons. The most well-known microscopic model of nuclear structure is the nuclear shell
model. In this model, the individual nucleons move in a potential created by all other
A — 1 nucleons. This potential is also called the mean field, and various forms for
the potential have been used in an attempt to describe observed nuclear structure
trends. For example, there are large energy gaps between groupings of energy levels
(shells) in the single-particle energy spectrum. If the isotropic, three-dimensional har-
monic oscillator potential is used for the mean field, the first few magic numbers, or
numbers of nucleons needed to fill the last shell before a large energy gap, are 2, 8,
20, and 40. Experimental evidence reveals a different set of magic numbers, however,
so the spin-orbit interaction was added to the harmonic oscillator potential to ex-
plain empirical evidence [1]. With the spin-orbit interaction, the magic numbers are
2, 8, 20, 28, 50, 82, and 126. The single-particle spectrum for the three-dimensional
isotropic harmonic oscillator is shown in the left half of Figure 1.1, while that with
the spin-orbit interaction included is shown in the right half. While the major shell

gaps are indicated in the figure, minor shell gaps occur when shells that can hold a
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Figure 1.1: Schematic diagram of the single-particle spectrum for the spherical shell
model, shown up to the 15415 level. On the left is shown the single-particle spectrum
produced by an isotropic, three-dimensional harmonic oscillator potential. On the
right is the single-particle spectrum with the spin-orbit interaction included. N is
the number of harmonic oscillator quanta in a major shell. The angular momentum
[ is represented by the labels s, p, d, f, g, h, corresponding to [ = 0,1,2,3,4,5.
The number of occurrences of a particular [ value is labeled by n, in ascending order
according to energy. The projection of the total spin j = 1+ s of the shell is j. The
magic numbers are indicated between each major shell gap.
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Figure 1.2: Reduced transition probability B(F2 1) to the first (J™ = 27) excited
state (top) and corresponding excitation energy (bottom) for even-even isotopes of
Ca and Zr. Data are taken from [3].
large number of nucleons are filled, such as at the magic numbers 28, 40, and 56.
The best evidence for single-particle behavior is found near magic (also called
closed-shell) nuclei, where the number of protons and/or neutrons in a nucleus fills
the last shell before a major or minor shell gap. For example, the nucleus 7O can
be modeled as a doubly-magic ®O core (N = Z = 8), with one additional (valence)
neutron in the 1ds/; level. The ground-state spin and parity of 17O is J™ = 5/2% [2],
which corresponds to the spin and parity of the level where the valence neutron
resides. The spin J is equal to the projection of J =1+ s, and the parity 7 is equal to
(—1)!. The independent-particle shell model would predict that the first excited state
of 170 has J™ = 1/2%, which corresponds to the promotion of the valence neutron to
the next available shell, the 2s; /5 shell. Experimental measurements have shown that

the first excited state of 17O indeed has J™ = 1/2% [2].



Nuclei with magic numbers of both protons and neutrons are predicted to have spe-
cial characteristics. These include a high energy of the first excited state, a large neu-
tron and proton separation energy, and low reduced transition probability (B(E2 1)
for J™ = 2%) to the first excited state. Such trends have been experimentally ob-
served. Systematics for reduced transition probability and energy of the first excited
state for two isotope chains of Ca and Zr are shown in Figure 1.2. The elements Ca
and Zr both have a magic number of protons, Ca with Z = 20 and Zr with Z = 40.
As the number of neutrons for each element approaches a magic number, the reduced
transition probability decreases. At a magic number of neutrons, the energy of the
first excited state is much higher than that for the neighboring isotopes. T'wo doubly-
magic isotopes are shown for Ca, °Ca with N = Z = 20 and “8Ca with N = 28,
Z = 20. In both cases the energy of the first excited state is markedly higher than
that of the neighboring isotopes, while the B(F2 1) values are low. For the element
Zr, large energies of the first excited state are apparent at N = 50 and 56. A major
shell gap occurs at nucleon number 50, as shown in Figure 1.1. A minor shell gap
also occurs at nucleon number 56, when the 2ds/, shell is filled. Corresponding lower
B(E2 1) values are apparent around the region of the two shell closures. For the mid-
shell isotopes *4Ca and '92Zr, the energy of the first excited states is comparatively
low, while the B(E2 1) values are high. Large B(E2 1) values are indicative of many
nucleons acting together in a transition, a characteristic of collective behavior. The
collective behavior such as vibrational and rotational excitations are usually evident

in mid-shell nuclei.

1.3 Nuclear structure at N = 7 =28

The shell model discussed in the previous section was originally derived to explain
existing experimental information on stable nuclei. Discoveries of phenomena such as

the island of inversion [4,5] and halo nuclei [6] have shown that exotic nuclei may not
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Figure 1.3: Reduced transition probability B(E2 1) to the first (J™ = 2%1) excited
states (a) and corresponding excitation energies (b) for the even-even Ni isotopes.
Data are taken from [3] and do not include results from the present work. The high
energy of the first excited state of Ni does not correspond to an expected low

B(E21).

have the same structure as stable nuclei. The first magic number created with the
inclusion of the spin-orbit interaction is 28. The magic number 28 is created by a minor
shell gap between the 1f7/, and 2ps/» shells. The nucleus *°Ni, with N = Z = 28, is the
first radioactive doubly-magic nucleus. Studying the region around the N = Z = 28
shell closure provides some insight as to whether radioactive nuclei have the same
magic numbers and shell structure as stable nuclei. The study of exotic nuclei near
closed shells allows single-particle states to be investigated. In the present work, the
Ni isotopes from 34Ni to 8Ni as well as *?Fe were studied to investigate the evolution
of nuclear structure for N = 28 and Z = 28 magic numbers.

For the doubly-magic N = Z = 28 nucleus °®Ni, it is expected that the energy
of the first excited state is high and the corresponding B(E2 1) to that state is
low compared to the neighboring Ni isotopes. Systematics for the B(E2 1) values
and energies of the first excited states for the even-even Ni isotopes are shown in
Figure 1.3. A large energy of the first excited state occurs for Ni (IV = 28) and %Ni
(N = 40), both doubly-closed-shell nuclei. The higher energy of the first excited state
for °*Ni does not correspond to a very low B(E2 1) to that state compared to 8Ni,

which has a lower energy of the first excited state but a significantly lower B(E2 1)



to that state.

The energy of the first excited state of 5®Ni (J™ = 2T) at 2700.6(7) keV [7]
appears to agree with trends from stable doubly-magic nuclei such as “°Ca and *°Zr.
The transition rate from the first excited state of *Ni to the ground state was first
measured in 1973 using the Doppler-shift attenuation method (DSAM) [8]. An E2
transition rate (B(E2 |)) to the 2700.6 keV state of 77(32) e*fm* was observed.
The corresponding transition probability B(E2 1) = 385(160) e*fm* agreed with
predictions based on the behavior of stable nuclei for a good-closed shell nucleus.
A later shell-model calculation, which assumed a good closed-shell structure for the
%Ni nucleus, calculated a B(E2 1) of 400 e*fm* [9]. This lent further credence to
the view that radioactive %Ni behaves like stable doubly-magic nuclei. The DSAM
measurement had an uncertainty of almost 50%, however, so no definite conclusions
could be made.

Advancements in radioactive beam facilities in the the early 1990’s facilitated new
measurements of the E2 transition strength for °*Ni. The next measurements of the
excitation strength to the first 27 state of 5°Ni were higher than expected. In 1994 a
B(E2 1) of 600(120) e*fm* was measured via proton inelastic scattering [10], followed
by an intermediate-energy Coulomb excitation measurement of 580(70) e*fm* [11].
Both measurements were not in agreement with the predictions for a good closed
shell structure for *SNi, indicating that the degree of collectivity was higher than
that for a stable doubly-magic nucleus. These findings spurred more theoretical and
experimental interest in the region. As advances in experimental facilities aided ex-
perimental interest in the Ni region, advances in computing technology furthered
shell-model calculations for the fp-shell nuclei.

Several experiments designed to study nuclear structure in the vicinity of the
N = Z = 28 double-magic nucleus **Ni are discussed in this work. A nucleon-knockout
experiment on the neighboring 5"Ni nucleus, which explores the structure of both

57Ni and ®®Ni, is discussed in Chapter 2. An intermediate-energy Coulomb excitation



experiment to study the structure of the neutron-deficient nuclei °*°5°Ni and %?Fe is

discussed in Chapter 3.



Chapter 2

Structure of °°Ni and °'Ni via

One-Neutron Knockout

2.1 The one-nucleon knockout technique

2.1.1 Background

The technique of nucleon knockout with exotic beams was first used to study the
characteristics of halo nuclei, which have one or more weakly-bound nucleons and radii
far larger than expected. Identified in 1985, the valence nucleons in halo nuclei are very
weakly bound and thus have a large probability of existing far from the nuclear core.
The wide spatial distribution of a halo nucleus translates into a narrow distribution in
momentum space. In 1947, Serber applied the sudden approximation to the collision
of the deuteron with a light nuclear target at high energy (95 MeV /nucleon) [12].
The deuteron, a nuclear system composed of only one proton and one neutron, has
an average distance between the proton and neutron of 3.9 fm. Serber was interested
in the study of neutron production in deuteron stripping reactions. The application of
the sudden approximation implied that the removal of the neutron as a consequence of

the interaction with the target would be essentially instantaneous. This instantaneous
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removal of the neutron would leave the proton with the momentum it had prior to
the collision. This model, that the momentum distribution of a projectile fragment
(analogous to the proton in the deuteron case) is equal to the momentum distribution
of the initial wave function, was later applied to halo nuclei.

The structure of the halo nuclei 8B, 'Be, !'Li, and °C was explored using breakup
methods [13-19]. Following breakup of the halo nucleus into a valence nucleon plus a
core fragment, a heavy fragment with the mass and charge of the core was detected.
The measured cross sections and momentum distributions were used to study the halo
structure of the nucleus. The technique of one-nucleon knockout represented the next
advance in measurements of nuclear structure through breakup. This technique, which
is performed in inverse kinematics at beam energies of greater than 50 MeV /nucleon,
allows for the use of semiclassical theories such as the eikonal model to assign angular
momenta and determine spectroscopic factors. The nucleus of interest, with mass A,
is incident on a light target, and the (A — 1) nuclear fragment is detected in a high-
resolution spectrograph designed to provide an energy resolution of E/AE = 10,000
and a momentum resolution of p/Ap = 20,000. The novel aspect of this technique is
the detection of gamma rays associated with the de-excitation of the core fragment
in coincidence with the fragment. This allows for an identification of cross sections
and momentum distributions to different final states of the fragments. It was initally
assumed that the measured cross section from breakup of halo nuclei was dominated
by valence nucleon removal to the ground state of the core. Once it became possible
to identify specific core states, it was discovered that in some cases an appreciable
fraction of the cross section came from excited states of the core [20,21].

The technique of one-nucleon knockout has been used to measure single-particle
configurations over a range of nuclei since its development as a spectroscopic tool
[22-27]. More deeply-bound states [22,27] and particle-unbound states [28] have also
been probed using one-nucleon knockout.

In one-nucleon knockout, single-particle spectroscopy of the nuclei of interest is
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performed by extracting the following quantities: partial and differential cross sections
to ground and excited states of the core fragments; spectroscopic factors for removal
of the valence nucleon from a specific state of the core; and the angular momentum of
the removed nucleon in the initial state of the nucleus. The measured cross sections are
used to calculate the one-nucleon removal spectroscopic factors via an extension of the
eikonal model [21]. The clarification of the occupancies of single-particle states in the
initial nucleus is made possible by measurements of such spectroscopic factors. The
angular momentum of the removed nucleon is obtained from the recoil of the heavy
residue, in analogy to the angular distributions used in low-energy transfer reactions.
The shape of the measured parallel momentum distribution of the fragments is used
to assign angular momenta. The parallel momentum distribution of the fragments,
defined as the projection of the fragment’s momentum on the beam direction, is
used to measure the fragment momentum as it has less dependence on the reaction
mechanism than the components of momentum perpendicular to the beam axis [29].
As the heavy fragments have small angular deviations from the beam direction, the
parallel momentum contains most of the incident momentum.

The classic tools used to extract spectroscopic factors have been electron scatter-
ing (e, €'p) reactions and low-energy transfer reactions [30,31]. Transfer reactions have
also been used to assign angular momenta to valence nucleons. For the study of ra-
dioactive nuclei, the (e, €'p) reactions are not viable as there is not yet an experimental
facility to perform electron scattering on radioactive ions. In addition, electron scatter-
ing only probes the spectroscopic factors of protons, while the one-nucleon knockout
technique can be used to measure the spectroscopic factors of neutrons as well. Spec-
troscopic factors are deduced in transfer reactions from the magnitudes of observed
cross sections. Models such as the distorted-wave Born approximation (DWBA) with
optical model potentials must be used to interpret the measured angular distributions
to make angular momentum assignments [32]. Experimental results calculated using

these methods are then quite dependent on the input parameters for the optical po-
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tentials used in the DWBA calculations. Analyses based on the sudden approximation
and the eikonal model, such as those used for the one-nucleon knockout reactions, have
fewer free parameters and are thus less model-dependent than DWBA calculations.

An experimental advantage of the one-nucleon knockout technique is the ability
to use heavy-ion detectors instead of proton detectors in the experimental apparatus.
In addition, the higher beam energies allow for thicker nuclear targets, increasing the
number of nucleon removal reactions per second. The beam of fragments after inter-
action with the nuclear target is forward-focused due to the high mass and velocity of
the fragments, allowing for easier detection of the residues. Transfer reactions cannot
be performed at energies higher than approximately 20 MeV /nucleon, as the proton
angular distributions lose much of the angular momentum dependence and the mag-
nitudes of the cross sections drop with increasing energy [32,33]. It has been shown
that the eikonal description of nucleon-knockout reaction theory is accurate to 20% at
energies as low as 20 MeV /nucleon [34]. Such features make the one-nucleon knockout
technique attractive for studies of exotic nuclear species such as the °C isotopes, on
which one-neutron knockout was successfully performed with an intensity of less than
one '°C ion per second [26].

In the experiment discussed in the following, one-neutron knockout was performed
on the 'Ni nucleus. Information about the ground-state structure of 5'Ni as well as
the excited state structure of the heavy residue 6Ni was obtained. This experiment
represents the first attempt to extend the one-nucleon knockout technique beyond
A =40 and to an [ = 3 angular momentum distribution. The theory of one-nucleon
knockout analysis will be discussed in Section 2.1.2. Previous theoretical and exper-
imental results for 3’Ni and ®’Ni will be discussed in Section 2.2. The experimental
setup will be outlined in Section 2.3 and the results and discussion of the data analysis

will follow in Sections 2.4 and 2.5, respectively.
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2.1.2 Theory

Theory of the single-particle cross sections

The basis of the theoretical analysis of the cross sections uses the spectator core
eikonal model to relate the measured cross sections for one-nucleon removal to the-
oretical spectroscopic information using a fixed set of input parameters [21,29]. The
eikonal model, an impact-parameter based model originally used for nucleus-nucleus
scattering at high energies, has been shown to give a good description of the ob-
served cross sections for knockout reactions of halo nuclei (*'Li, "'Be, and ®B) on
light targets [35-37]. The same analysis technique has also proved useful for more
deeply-bound states [22,27].

In the analysis of data from one-nucleon knockout, the single-particle structure
of the projectile ground state is of interest. Information about this single-particle
structure can be provided by the spectroscopic factor for the removal of a nucleon
from the projectile’s ground state and the angular momentum of the nucleon before
its removal. It is assumed that before the interaction, the (A + 1)-body projectile
has A of its nucleons in the core state ¢¢ which is accessible by the removal of the
least-bound (valence) nucleon. The quantity C2S is the spectroscopic factor for the
removal of a nucleon with given single-particle quantum numbers nlj. This factor
expresses the parentage of this specific nucleon-core configuration in the initial state
with respect to the specific core state ¢ of the remaining nucleons. The measured
cross section to a specific core state is related to the quantity C2S, where the sum
must be taken over all non-vanishing nucleon-core configurations. The cross section

for populating a given core state c is:

o(c) = Z (%) C?S(c,nlj) osp(Sn,nlj). (2.1)

J

In Equation 2.1, the contribution from nuclear structure enters in the spectroscopic
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factor, while the single-particle cross section oy, comes from reaction theory. Once the
cross section o(c) has been measured, the spectroscopic factor is determined and can
be compared to theory. The factor (A/(A—1))¥ is the center-of-mass correction to the
spectroscopic factor, where A is the mass number of the initial nucleus and N is the
main harmonic oscillator quantum number associated with each major shell [38,39].
For the present experiment, one-nucleon removal from 3“Ni will occur in the framework
of the fp shell, resulting in a center-of-mass correction of 1.054 for N = 3.

Theoretical excited levels of %Ni and associated spectroscopic factors were calcu-
lated in the many-body shell model [40-42] with the FPD6 effective interaction [43].
For °"Ni, the v(f7/2) and m(f7/2) closed shells plus one neutron in the ps/» shell were
assumed. For %°Ni, calculations were performed with the v(f7/2) and 7(f7/2) closed
shells for the ground state, and for the excited state 7(f7/2)® and v(f7/2)” with the
D3/2, f5/2, and p1/2 neutron shells active.

The single-particle cross sections, which are highly dependent on the separation
energy of the valence nucleon (S,) and the orbital angular momentum () of the va-
lence nucleon, are calculated in the eikonal model and contain contributions from both
stripping and diffraction processes [21]. Stripping occurs when the valence nucleon is
absorbed and subsequently excites the target. In the diffractive process, the target
remains in its ground state and the valence nucleon continues on with essentially
beam velocity. As the removed nucleon is not detected in the one-nucleon knockout
experimental method, the incoherent sum of both processes must be included. For
weakly bound states such as halo nuclei, the two processes are comparable in strength.
For knockout from more bound states such as core nucleons or tightly bound valence
nuclei, the stripping process dominates. The latter is the case for the study presented
here, where the valence neutron in 5"Ni is bound by more than 10 MeV and the core
is the doubly-magic nucleus *’Ni. The single-particle cross sections are calculated
as [21]:

Osp = Osp(str) + ogp(diff), (2.2)
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where the cross section for stripping is

1
osp(str) = T+l db > ($5arl (1 = 1Snel®)|Setl 165 r) (2.3)
M

and that for diffraction is

1
(dift) = 52 [ b [Z«mna ~ SuuSur) P165a0) -

M

D (il (1 = SeeSns) 65000 | - (2.4)

MM’

The integral is over the projectile center-of-mass impact parameter b, defined as the
distance between the centers of the projectile and target nuclei. The impact param-
eter is classical, its use justified by the high projectile energies involved in nucleon
knockout reactions. The projectile ground state configuration |¢§,,) is described as a
valence nucleon with single particle quantum numbers nlj with an associated spec-
troscopic factor for the core state c. Detection of the de-excitation gamma rays allows
identification of the specific core states. I is the intrinsic spin and M is the spin
projection of the projectile ground state. The angular momenta follow the usual se-
lection rules I = ¢ + j, where j is the angular momentum of the nucleon, ¢ is that
of the core, and I is that of the projectile ground state. The |¢9,,) are calculated in
a Woods-Saxon potential well model with radius and diffuseness parameters 1.25 fm
and 0.6 fm, respectively. The Woods-Saxon potential well depth is set to reproduce
the separation energy of the nucleon in the initial state, S,, = 10.247 MeV for *’Ni [44].

Se and S,; are the profile functions, or S-matrices, for the core-target and the

removed nucleon-target systems, calculated in the optical limit of Glauber theory [45]:

S(b) = exp {;—Z / d=V (b + zs)] , (2.5)

where v is the beam velocity, V' is the interaction potential, and the S-matrices
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are functions of their own impact parameter b [37,46]. The quantity |S(b)|? is the
transmission probability at the impact parameter b. The input parameters in the
calculation of the profile functions are an effective nucleon-nucleon interaction and
core and target nuclear matter distributions.

For the current analysis, the *Ni core fragment’s matter distribution was described

by a two-parameter Fermi distribution

_ Po
p2pr () = I+ exp((r —0)/2) (2.6)

where the quantity c is the distance from the center of the matter distribution, with
a density of p,, to the point where the density drops to one-half p,. The diffuseness of
the matter distribution is described by the quantity z. Previous analyses assumed a
Gaussian distribution for the core fragment, an assumption only valid for light nuclei.
The 5Ni core rms radius (< r? >!/2) was assumed to be 3.62 fm, from the 6Fe
matter radius. The rms radius of the lighter °Be target was taken to be 2.36 fm, with
a Gaussian matter distribution assumed. The effective nucleon-nucleon interaction
was assumed to be Gaussian, with a finite interaction range parameter 0.5 fm [21].
Also assumed are free neutron-neutron and neutron-proton cross sections, and real

to imaginary ratios of the forward scattering amplitude at 100 MeV [47].

Theory of the parallel momentum distributions

The parallel momentum distributions were calculated with a slightly different set of
theoretical assumptions than those made for the calculations of the cross sections [29].
The classical impact parameter b is again assumed, justified by the high projectile
energies. Most notably, the black disk model is assumed. Collisions occurring at im-
pact parameters less than a specified by, = Tcore + Ttarget are assumed to result in
fragmentation of the core fragment, and are not included in the analysis. In addition,

the wave function of the valence nucleon is assumed to exist unchanged throughout
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all space, except in a cylinder with a radius equal to that of the core, where it is
set to zero. The profile functions S.; and S,; are assumed to be unity outside of a
cutoff impact parameter and zero inside. The core-target profile functions S, are
highly absorptive, in general, which upholds the use of the black-disk approximation
for nuclear collisions at the energies of interest in these studies, 50-100 MeV /nucleon.
By requiring that the core survive the interaction with the target, the core-target
interaction must be highly peripheral. Thus the removed nucleon’s wave function is
probed at and beyond the surface of the projectile. The sudden approximation is also
assumed in these calculations, where the core acts as a spectator in the reaction, and
at the moment of collision the state of the system is fixed. The core can react at
most elastically with the target. The black disk model uses effective interaction radii
chosen to reproduce the reaction cross sections of the free constituents. In this anal-
ysis, rms radii of 4.286 fm and 4.059 fm were obtained for the p3/, and f7/5 levels of
57Ni, respectively. A core-target radius of 1.217 fm, neutron-target radius of 2.983 fm,
and reaction cross section for a free neutron of 279.6 mb were assumed. A minimum
impact parameter of b,,;, = 7.188 fm was chosen. The measured neutron separation
energy (S,) of 10.247 MeV for the p3/, level was assumed [44]. A S,, of 14 MeV for
the f7/2 level was estimated from the center of the ps/s f7/2 multiplet [48]. Comparison
between the shapes of the theoretical momentum distributions and measured parallel
momentum distributions can provide angular momentum assignments because the
distributions are relatively insensitive to the details of the reaction but are sensitive
to the binding energy and orbital angular momentum of the removed nucleon. The
theoretical momentum distributions were transformed into the laboratory system,

which broadens them by the relativistic v factor.
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2.2 Previous experimental results

As discussed in Section 1.3, it has been shown that the N = Z = 28 doubly-magic
shell closure nucleus **Ni may not have the same characteristics as stable doubly-
magic nuclei. It thus becomes of interest to study the single-particle structure of the
nearest neighbors of 5Ni with one proton or neutron on top of the doubly-magic core.
According to the shell model, the ground state of ®"Ni should be well represented as
one neutron in the 1f7/, state coupled to the ground state of the 6Ni core (see Figure
2.1). The naive picture of one-neutron knockout from the ground state of >’Ni would
remove the valence nucleon from the 2ps 5 level, with the *Ni core remaining in its 0"
ground state. At the intermediate beam energies used in this study, there is also the
possibility of one-neutron knockout to excited states of ®Ni, which in the simple shell-
model picture would occur as a result of removal of one of the 1f7/o-shell neutrons.
The spectroscopic factors for removal to the ground and excited states of *Ni have
been calculated in the many-body shell model as discussed in Section 2.1.2, and will
be compared to measured spectroscopic factors to look for evidence of mixing of the
56Ni first excited state (J™ = 2%) in the °"Ni ground state.

The level scheme of >'Ni is well known as a result of various experiments dating
from 1965 [44]. The ground state of °’Ni has a spin and parity of J™ = 3/27, with
the first two excited states at 768 keV (J™ =5/27) and 1113 keV (J™ =1/27). The
first excited state represents promotion of the valence 2ps/, neutron to the 1f5/; level,
while the second excited state 2p3/» to 2pi/2. It was suggested in one of the early
experiments on 5'Ni [49] that the first two excited states and a state at 2577 keV
(J™ = 7/27) may not be pure single-particle states, but may include contributions
from %®Ni excited states. The authors acknowledged that the degree of observed im-
purity in the 3“Ni wave functions may be slight as the measurements were made
via gamma decay. Later measurements of large excitation strengths to the first ex-

cited state of ®Ni [10,11] created more interest in the single-particle character of the
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Figure 2.1: Schematic diagram of the location of ®’Ni nucleons in the spherical shell
model. The single-particle energy spectrum is shown up to the 1gy/; level. The levels
are those calculated from a three-dimensional harmonic oscillator potential with spin-
orbit interactions included. The angular momentum [ is represented by the labels s,
p, d, f, g, corresponding to [ = 0, 1,2, 3,4. The number of occurrences of a particular
[ value is labeled by n, in ascending order according to energy. The projection of the
total spin j = 1+s of the shell is j. The circled numbers indicate the “magic numbers”.
The black filled circles indicate the occupancies of both protons and neutrons for the
ground state of ®Ni, while the open circle indicates the valence neutron in 3'Ni.

ground and lowest excited states of 5’Ni. The spectroscopic factors for the first three
states of 5"Ni were recently measured in a low-energy transfer reaction performed
by Rehm et al. [50]. In contrast with the indications of collectivity from the *6Ni
excitation strength measurements, Rehm and collaborators concluded that the first
three states of 5"Ni are well-described as single-particle states. Spectroscopic factors
of S = 0.91(2ps/2) for the ground state, S = 0.91(1f5/2) for the first excited state, and

S = 0.90(2p1/2) for the second excited state were deduced from a (d,p) transfer reac-

tion at an energy of approximately 4.5 MeV /nucleon. DWBA calculations were used
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in the transfer reaction measurement to determine the spectroscopic factors from the
measured cross sections and proton angular distributions. The error on the spectro-
scopic factor measurements was estimated to be about 50%, in part due to a lack of

good optical potential parameters for 5¢5"Ni used as input to the DWBA calculation.

2.3 Experimental setup

In the traditional method for measurements of properties of stable nuclei, a target
composed of the nuclei of interest was bombarded with a beam of another stable
isotope. Different properties of the target nucleus were then measured depending on
the nuclear process to be studied such as nuclear beta decay, Coulomb excitation, or
proton scattering. This method, however, does not allow for the study of radioactive
nuclei. In order to study such exotic nuclei, the method of inverse kinematics was
applied. In this method the incident beam of nuclei, now radioactive, becomes the
object of measurement. A stable target is still used, but now the target is the means

of inducing the nuclear process of interest.

2.3.1 Secondary beam production

In order to study radioactive nuclei, they must be produced, transported to the exper-
imental area, and measured before decay occurs. One method for producing radioac-
tive beams is projectile fragmentation. This method is used at the National Super-
conducting Cyclotron Laboratory (NSCL) to produce nuclei ranging from hydrogen
to uranium isotopes. A beam of stable nuclei, also called the “primary” beam, is pro-
duced in either a room-temperature or superconducting electron-cyclotron resonance
(ECR) source and then accelerated in a superconducting cyclotron. Once the primary
beam has reached the desired energy, it is extracted from the cyclotron and is incident
upon a thick production target, usually °Be. In the present one-neutron knockout ex-

periment, acceleration of a beam of stable ®Ni to an energy of 105 MeV /nucleon
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Figure 2.2: Schematic of the experimental setup for one-neutron knockout.

and an intensity of 2 pnA was carried out in the K1200 cyclotron. The 5¥Ni beam
was incident on a 249 mg/cm? °Be production target. While most of the nuclei in
the primary beam pass through the fragmentation target unreacted, a number of the
nuclei react with the target and produce fragments ranging from hydrogen to ions
with masses greater than the primary beam. It is then necessary to select the nuclei of
interest to be transported to the experimental area. The selection of the “secondary”
beam of rare isotopes takes place in a fragment separator.

The A1200 fragment separator [51] was used in this experiment to select a sec-
ondary beam of 5"Ni with an energy of 73 MeV /nucleon, an intensity of approximately
30,000 particles per second and a momentum spread of 0.5%. The fragment separator
is a series of dipole magnets used to separate the beam nuclei by mass and charge,
quadrupole magnets for steering, a wedge-shaped degrader to purify the secondary
beam, and slits to select the beam of interest. The secondary beam produced as a
result of the fragmentation and selection process usually has a velocity of 0.3c to 0.5¢
and, especially for beams of heavier nuclei, is composed of a mix of nuclei in addition
to the fragment of interest. These two facts are important experimental considerations
in the design of detectors used in the experimental apparatus. The high beam veloc-

ity requires Doppler reconstruction for detected gamma rays, and the mixed beam

22



requires separation of the nuclei of interest from the contaminants.

In the present experiment, the secondary beam of >'Ni was purified using the
A1200 fragment separator and transported to the experimental area. A schematic of
the experimental setup can be seen in Figure 2.2. The secondary beam was transported
through the analysis line of the S800 spectrograph [52], which is similar to the A1200
fragment separator. A 56.1 mg/cm? ?Be target was located at the center of an array of
38 Nal(Tl) detectors [53] at the entrance to the S800 spectrograph. The Nal(Tl) array
detected gamma rays emitted from the de-excitation of ®Ni fragments created in an
excited state as a result of one-nucleon knockout from 3'Ni in the °Be target. The
tertiary beam of fragments from the 5"Ni ions’ interaction with the knockout target
were subsequently transported through the two dipoles of the S800 spectrograph to
the series of detectors located at the focal plane [54], where the *SNi nuclei were
identified. The S800 spectrograph and its focal plane detectors will be described in

Section 2.3.2, while the Nal(T1) array will be discussed in Section 2.3.3.

2.3.2 S800 spectrograph

The S800 magnetic spectrograph [52] provides a high-resolution tool for identifying
the 56Ni fragments of interest and reconstructing the momentum distributions asso-
ciated with the fragments. Impurities in the secondary beam are present after the
beam emerges from the A1200 fragment separator. When the *’Ni secondary beam
reaches the secondary knockout target at the entrance to the S800 spectrograph, most
of the 5“Ni nuclei pass through the target unreacted. Of the fraction of incident sec-
ondary beam particles that react with the target, another small fraction undergo the
one-neutron knockout reaction of interest. Many other nuclear reactions produce a
large range of nuclei. The tertiary beam then contains another large range of nuclei
similar to that produced by the primary beam’s interaction with the fragmentation
target. It is necessary to detect the ®Ni fragments from one-neutron knockout and

separate them from the other nuclear species. This separation becomes more diffi-
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cult as the mass of the one-neutron knockout fragments increases and the percentage
difference in the masses between neighboring nuclei decreases. The %°Ni fragments
were identified in the focal plane [54] of the large acceptance S800 magnetic spectro-
graph, operated in dispersion-matched, energy-loss mode. In this mode, the spread
in incident momentum of the secondary beam from the A1200 fragment separator is
compensated by dispersing the beam on the ?Be target and then using the spectro-
graph to focus the fragments at the focal plane. As the S800 has a large dispersion,
the spread in momentum of the incident secondary beam must be limited to 0.5%.
Characteristics of the spectrograph include angular acceptances of £5° in the hor-
izontal, non-dispersive direction, +3.5° in the vertical, dispersive direction, a solid
angle acceptance of 20 msr, a momentum acceptance of +2.5%, and a dispersion of
9.6 cm per percent. Details of the specific focal plane detectors follow in the next

three sections.

Cathode readout drift counters

Position and angle information for the fragments exiting the spectrograph was pro-
vided by two position-sensitive cathode readout drift counters (CRDCs). The two
CRDCs, separated by one meter, were filled to a pressure of 140 Torr with a mixture
of 80% CF4 and 20% C4H; gas. The CRDCs have an active area of 30 cm? in the
vertical (y) direction, 59 cm? in the horizontal (x, dispersive) direction, and a depth
of 1.5 cm. As the tertiary beam fragments pass through a CRDC, the charged frag-
ments induce ionization of the gas, and a constant electric field causes the resulting
electrons to drift to the anode wire. The drift time of the electrons provides the ver-
tical position of the ion. A series of 224 cathode pads, separated by 2.54 mm, are
located in front of and behind the anode wire. The collection of the electrons on the
anode wire induces an image charge on the pads. Each of the 224 pads is read by
the electronics, and the centroid of a Gaussian fit to the charge distribution for the

pads is the horizontal position of the ion. A detector resolution better than 0.51 mm
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FWHM was measured with a test beam of ??Ne at 80 MeV /nucleon [54]. Calibration
of the CRDCs was performed by placing a mask with holes and slits in front of each
detector, and dispersing the beam to illuminate the mask pattern. The position of
the holes and slits provided the calibration in y, while the known spacing between the
cathode pads was used for the x calibration.

As the fragments travel through the spectrograph, the magnetic elements change
the coordinates of the nuclei due to the action of the magnetic fields on the charged
ions. The quantities of interest for the experimentalist are the energy and position of
the ions as they leave the secondary target, just before they enter the spectrograph.
A transfer matrix S is used to relate the final coordinates, measured by the CRDCs

at the focal plane, to the initial coordinates just after the target
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Here z4,0¢, and yy,¢5 are the position and angle of the beam particle at the CRDC in
the horizontal and vertical directions, respectively. The initial coordinates ¢;, 6;, and
y; are the angles and vertical position of the beam particle at the target. The initial
spot size of the beam in the dispersive direction x is assumed to be negligibly small.
The initial fractional kinetic energy of the beam particle relative to a central, reference
trajectory is 6; = (E — E,)/E,. Each magnetic element in the spectrograph has its
own transfer matrix, and the total transformation is their product. The inversion of
the matrix in S is complicated, and results in a matrix R which is not a true inverse

of S, but allows for energy and angles of the ions as they enter the spectrograph to
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be calculated as
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This inversion procedure is carried out by the COSY INFINITY code which includes

first order optics and all optical aberrations [55].

Ionization chamber

The next in the series of focal plane detectors is the ionization chamber, used to
measure the energy loss of the ions. The ionization chamber is a standard Frisch
gridded ion chamber, segmented into 16 one-inch anodes which are perpendicular to
the ions’ trajectory through the chamber. The 41 cm deep chamber is filled with

300 Torr of P10 gas, a mixture of 90% argon and 10% methane gases.

Scintillation detectors

The last set of detectors is a series of three plastic scintillators which are 5, 10, and
20 cm thick. The scintillators measure energy loss and total energy of the ions, and
also provide timing information. The first scintillator detector is used as the exit
window of the ionization chamber in order to reduce energy straggling that would be
associated with an exit window. This detector also provides the timing information
which, when combined with timing from another plastic scintillator detector located
at the exit of the A1200 fragment separator, provides time of flight for the fragments.
The scintillator detectors are read out at each end by a photomultiplier tube. A
light guide is mounted on each end of the scintillator to enhance light collection in
the photomultiplier tubes. The amount of light collected is a function of the atomic
number, atomic mass, and total energy of the ions. The light collection time from the

scintillator is on the order of nanoseconds, and a timing response of 160 ps FWHM has
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been measured with a beam of 60 MeV /nucleon 60 for the 10 cm thick detector [54].

2.3.3 Nal(Tl) array

Gamma rays produced in experiments with intermediate-energy beams (8 = 0.3-0.5)
are considerably Doppler shifted. Such velocities are typical of the beams produced
via projectile fragmentation at the NSCL. While the energy of the photon in the
laboratory frame (E!*) is measured, the quantity of interest is the energy of the
photon in the rest frame of the projectile nucleus (E};“’). The energy of the emitted
photon in the rest frame of the projectile can be reconstructed from the energy of the
photon observed if the laboratory angle of photon emission (6'®) and the velocity of

the projectile in the laboratory frame (v'®®) are known:

lab _ lab a
E (1/72(:;:0 ), ﬁ=#. (2.9)

Determination of the angle of the emitted photon with respect to the beam axis is also

pro _
E“r

necessary to minimize the error on the extracted projectile-frame energy. All photon
detectors have a finite opening angle which is combined with the uncertainty in the
beam energy and the intrinsic resolution of the detector material in the equation for

energy resolution AE,

(%) = (Z5ia) 109"+ (= —m) @7+ (6=)
(2.10)

The uncertainty of the beam energy (Af) comes from the energy loss of the beam
particle due to its interaction with the target. The intrinsic energy resolution (A Eiy)
of the Nal(TIl) detectors is approximately 8% at 662 keV. The uncertainty in the
photon emission angle (Af) due to the opening angle of the gamma-ray detector can
be minimized by using position-sensitive gamma-ray detectors.

In this experiment, an array of 38 Nal(T1) inorganic scintillator detectors [53] was
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used to detect gamma rays from the de-excitation of *Ni fragments. The array of
detectors was placed parallel to the beam direction and arranged in three concentric
rings around a 15 cm diameter beam pipe. Each scintillator is 17.1 cm long and 5.0 cm
in diameter, with a photomultiplier tube coupled to each end. The parallel orientation
of the scintillators coupled with the use of two phototubes for each scintillator allowed
for a determination of the energy and position of each photon which interacted with
the array. The inner ring contained 11 detectors at a distance of 10.8 cm from the
center, the middle ring 17 detectors at a distance of 16.9 cm, and the outer ring 10
detectors at 21.8 cm. Only the inner ring of detectors was analyzed in this experiment,
as the inclusion of data from the outer two rings resulted in only a marginal increase
in the peak-to-background ratio of the measured gamma rays. The secondary target
of °Be was placed in the beam pipe at the center of the array perpendicular to the
beam axis. YBe is especially useful as a secondary target as it has no bound excited
states which could contaminate the measured gamma-ray spectrum.

When an emitted photon deposits energy in a Nal(T1) scintillator, the number of
scintillation photons produced is proportional to the energy deposited. An exponential
attenuation of the light is assumed as the photons travel through the scintillator,
which results in the following equations for the measured light output (F;3) from the

photomultiplier tubes 1 and 2:
E; o< Ee M(L/2)+2)  and  E, oc Ee~ML/2)—2), (2.11)

E is the deposited energy, u is a parameter that describes the attenuation of the pho-
tons in the scintillator material, L is the length of the crystal, and the proportionality
factor (not shown) includes the gain of the photomultiplier tubes and amplifiers. The

energy E and position z of the incident photon can then be calculated from

FE
E x+/EE; and z log <El> ) (2.12)
2
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Position and energy calibrations

The assumption of exponential attenuation used to reach Equation 2.11 is only valid
when the photon deposits its energy near the center of the crystal. In order to cor-
rect for nonlinearities near the edges of the scintillators, a position calibration of
each Nal(Tl) detector is performed for every experiment. A detailed discussion of
the position calibration procedure can be found in [56]. A collimated 0.5 MBq ®Co
gamma-ray source was mounted in a cylindrical HeviMet (copper/tungsten alloy)
collimator, constructed to fit inside the beam pipe. Two cylinders 7.62 cm long and
14.0 cm in diameter are joined together, leaving a 4.6 mm gap in between for the
60Co source. The gamma rays from the de-excitation of %°Co are thus emitted 360°
in the plane of the 4.6 mm gap, allowing for simultaneous calibration of all 38 de-
tectors. A long metal rod with an attached measuring tape was used to move the
collimator in one-inch steps from one end of the array to the other. At each position,
data were collected for five minutes. For each detector at each position of the source,
the reconstructed position of the 1332 keV gamma ray from the decay of %°Co was
histogrammed and fit. The centroid of the fit was the reconstructed position. The plot
of reconstructed position versus actual position was then fit with a third order poly-
nomial, in order to describe the nonlinear behavior close to the edges of the detector.
The positions at the edges of each detector which exhibited a turnover in the curve
were eliminated in the subsequent gamma-ray analysis. The calibrated detectors have
a position resolution of 2 cm, resulting in an angular resolution of better than 10° for
the inner 11 detectors.

After the completion of the position calibration, a position-dependent energy cal-
ibration was performed. The raw reconstructed energy is not position-independent in
the Nal(Tl) detectors, requiring that each detector be divided into 10 position slices
using software cuts. For each slice in each detector, a plot of reconstructed energy
versus actual energy was created and fit with a first-order polynomial. The 898 keV

and 1836 keV gamma rays from a standard %Y source and the 583 keV and 2614 keV
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gamma rays from a ??22Th source were used in this calibration. Two-dimensional plots
of reconstructed energy versus reconstructed position were examined, and gamma-
rays interacting in slices in position with poor energy calibrations were discarded in

the data analysis.

Simulations

Although the position information provided by the Nal(Tl) array allows for Doppler
correction of the emitted photon energy, the transformation from the laboratory sys-
tem to the rest frame of the projectile nucleus does not result in the spectrum that
would be observed from a source at rest. While the photopeak is correctly transformed
to the particle’s rest frame, Compton scattering, pair production, and backscattering
of photons from the surrounding materials into the Nal(Tl) scintillator all produce
features in the gamma-ray spectrum that are smeared after the Doppler reconstruc-
tion. A further complication is introduced by the energy-dependent detection effi-
ciency of the Nal(Tl) array. For each gamma-ray energy observed in the experimental
spectrum, a Monte Carlo simulation was performed to produce two million Lorentz-
boosted gamma-ray events at the correct energy, isotropically emitted in the rest
frame of the projectile. These events were then used by the GEANT code [57] to
simulate the energy deposited in the detectors, taking into account losses due to
interactions with the surrounding equipment, energy resolution, position resolution,
and efficiency of the detectors. Experimental efficiencies measured with standard cal-
ibration sources agreed within 7.5% to simulations. The resulting histograms were
Doppler-reconstructed (8 = 0.36) and fit with analytical curves to eliminate statisti-

cal fluctuations. These curves were then fit to the experimental gamma-ray spectrum.
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Figure 2.3: Particle identification spectra for 56Ni fragments. The top panel shows
the spectrum with the spectrograph magnetic fields set to the >’ Ni beam momentum.
The middle panel shows the spectrum after the settings were scaled by (A — 1)/A.
A further cut on ®°®Ni was required to cleanly separate the fragments of interest from
the incident ®’Ni beam, shown in the bottom panel.
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2.4 Experimental results

2.4.1 Particle identification

Due to the presence of contaminants from the reactions of the primary beam with the
fragmentation target and the secondary beam with the knockout target (see Section
2.3.2), the first step in data analysis was the identification of the *Ni fragments at
the S800 spectrograph focal plane. Identification of the *Ni fragments created from
the one-neutron knockout of 3'Ni was performed with the S800 spectrograph focal
plane detectors and a plastic scintillator detector (BLT) located at the exit of the
A1200 fragment separator. The distance between the BLT and the first scintillator
of the S800 focal plane was approximately 70 m. Measurement of the time between a
beam particle’s interaction in the BLT and the first S800 scintillator was the “time of
flight” of the particle. The time of flight for each beam particle was used in conjunc-
tion with the particle’s energy loss in the S800 ion chamber to make a first particle
identification. To facilitate identification of the different particles at the S800 focal
plane, the spectrograph magnetic fields were first set to the momentum of the 5"Ni
secondary beam. This allowed for a clear identification of the 5’Ni beam and main
contaminants **Co and ®5Fe. The particles were identified in an energy loss versus
time of flight spectrum, shown in the top panel of Figure 2.3. Data was collected
at this spectrograph setting for five minutes, both for particle identification and to
determine the rate of incident 5"Ni particles for subsequent cross section calculations.

In order to identify the fragments of the tertiary beam, the magnetic fields of the
spectrograph were scaled by (A — 1)/A to place the *Ni fragments at approximately
the same energy loss and time of flight as the ®Ni particles in the previous data
run. After the change of spectrograph fields, one can identify the 56Ni fragments of
interest, slower 3’ Ni beam particles, and various other fragments from one-nucleon
knockout in the middle panel of Figure 2.3. The slight separation between the 36Ni

and 5"Ni particles shown in the upper right corner of the middle panel in Figure 2.3
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was not initially apparent. A correction of the time of flight for the position and angle
of the particles at the S800 focal plane was necessary to separate the two particles
enough to place a first gate on 56Ni. Because of the heavy masses of the >’ Ni and 35Ni
particles, it was difficult to separate them using only energy loss and time of flight.
The first gate on %®Ni was then applied to a plot of energy loss versus position in the
two CRDCs. A second gate on these spectra allowed us to make a clean identification

of the *Ni particles, as shown in the lower panel of Figure 2.3.

2.4.2 Analysis of the gamma-ray spectrum

After the 5Ni residues from one-neutron knockout were unambiguously identified,
the coincident gamma-ray spectrum was analyzed. The gates on the %9Ni particles
discussed in the previous section were applied to the energy-calibrated and Doppler-
corrected gamma-ray spectra for each of the 11 NaI(Tl) detectors in the inner ring.
A gamma-ray spectrum created from the sum of the 11 Doppler-corrected spectra
from the individual Nal(Tl) detectors was then created. It was possible to analyze
the summed spectrum from the 11 inner-ring detectors as angular distribution effects
are integrated out due to the large angular coverage of the Nal(Tl) detectors. The
simulated gamma-ray spectra were similarly summed and used to fit the experimental
spectrum.

The Doppler-reconstructed (8 = 0.36) gamma-ray spectrum in coincidence with
%Ni fragments detected at the spectrograph focal plane is shown in Figure 2.4 as a
function of the reconstructed center-of-mass energy. The analytical curves fit to the
simulated summed spectra and subsequently scaled to fit the experimental spectrum
can be seen as solid grey lines. The dashed line indicates the unavoidable coincident
background, described in this experiment by a double exponential curve. A similar
background has been seen in previous knockout experiments [23-27] where it has
been attributed to neutrons, gamma rays and charged particle interactions with the

experimental apparatus and scintillators. Exponential backgrounds with intensities

33



|

>

I E,_&’% ]
o§¥

- FN@ -
-5
3 \ s
10 ¢J/

H

L1l |

<— 1726 keV
. <— 2234 keV
<— 2701 keV
|

>
S N -
| . N .
e ~ S
o I Iy ® 1
[\
) 10° | v .
"g' - 1
3 | :
| !
10 |+

IIIII|

500 1000 1500 2000 2500 3000 3500 4000
Energy (keV)

Figure 2.4: Doppler-corrected (5 = 0.36) gamma-ray spectrum in coincidence with
%Ni fragments detected at the spectrograph focal plane. The solid black line is the fit
to the experimental spectrum containing the sum of the simulated response functions
for seven gamma rays (solid grey lines) and a double-exponential background (dashed
line).
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of 9-10% per fragment detected in the S800 focal plane were quoted in earlier ex-
periments on light nuclei ('"'?Be, '61719C) [23, 25, 26]. The background fit to the
gamma-ray spectra in a later experiment on the heavier 3%*Si and 37S nuclei [27]
was between 50% and 237% higher than in the experiments on lighter particles. The
background determined for this experiment was again 67% to 85% higher than that
quoted for the experiment on Si and S isotopes. There may be evidence for a possible
trend in increasing gamma-ray background for increasing mass number or increasing
separation energy for the knocked-out nucleons. This trend is hard to quantify with
present data, as the heavier Si, S, and Ni nuclei have many gamma rays which impede
a clean measurement of the background spectrum.

The initial fit to the experimental spectrum with the energy calibration performed
as described in Section 2.3.3 included seven gamma rays plus the double-exponential
background. The known 2700.6 keV and 1224.5 keV gamma rays [8,58-62] from the
de-excitation of the excited states at 2700.6 keV (J™ = 2%1) and 3925.1 keV (J™ = 41)
were identified as the most prominent peaks in the gamma-ray spectrum. An excited
state at 4935.5(6) keV was observed in a recent beta-decay experiment performed by
Borcea et al. [62], who tentatively assigned the level to J™ = 3" based on compar-
isons with several theoretical calculations. Borcea and collaborators also measured
1010.4(4) keV and 2234.5(7) keV gamma rays from the de-excitation of this level to
the 41 excited state. These two gamma rays were identified in the present experimen-
tal spectrum along with the 2700.6 and 1224.5 keV transitions within experimental
errors. The more accurate transition energies measured by Borcea et al. for all four
gamma rays were subsequently used to re-calibrate the gamma-ray spectrum. With
the re-calibration of the spectrum, the three other gamma rays observed in the present
experiment were assigned energies of 1379(10), 1726(10), and 3027(71) keV. Figure
2.4 shows the final fit (after re-calibration) of the simulated gamma rays and back-
ground to the experimental spectrum, as shown by the black solid line. The seven

gamma rays plus the double-exponential background produce a good fit, with a chi
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Table 2.1: Gamma rays observed in coincidence with Ni particles detected at the
S800 spectrograph focal plane. Partial cross sections (0ey,) for each gamma ray are
taken from the branching ratio (I,) and the inclusive cross section for one-neutron
knockout, oj,q = 45.6(30) mb.

E, (keV) Lr (%) Texp(mb)

1010.4(4) 45(5) 2.0(03)
1224.5(2) 44 5(5)  20.3(13)
1379(10)  6.9(7)  3.1(4)
1726(10) 9 9(10)  4.5(5)
2234.5(7) 5.0(5)  2.3(3)
2700.6(3) 80 6(70) 36.7(40)
3027(71) 3.8(4)  1.7(2)

squared of 1.1 and a smooth residue distribution.
The absolute intensities for each observed gamma ray are listed in Table 2.1. The

absolute intensities were determined via the following

(simulated N,) x (scale factor)

= 2.13
! Nbeam(SGNi) ’ ( )

where the number of simulated gamma rays (/V,,) was two million in all cases, the scale
factor was that used to fit each simulated gamma ray to the experimental spectrum,
and the number of *Ni particles (Npeam(*®Ni)) was the total detected at the S800
focal plane for all data runs. The intensities were corrected for a fraction of the Nal
efficiency that was eliminated in the analysis. The ends and some sections in the center
of the scintillators were eliminated in the analysis due to poor energy calibration, but
were not eliminated in the GEANT simulations. With this correction the number of
total gamma rays (simulated V,) x (scale factor)) was increased by 17.8%.

A simplified level scheme including all gamma-ray transitions observed in this
experiment is shown in Figure 2.5. The placement of the 1726(10) and 3027(71) keV
gamma rays in coincidence with the 1224.5 and 2700.6 keV gamma rays resulted in a
level at 5661(72) keV. A 5668 keV level and associated 1744 keV de-excitation gamma

ray were observed by Blomqvist et al. in 1985 [59]. While an angular momentum
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Figure 2.5: %Ni level scheme, showing gamma rays identified as a result of the present
work. Energies, spins and parities for the 2701 and 3925 keV levels were taken from
the Nuclear Data Sheets [7]. Energy, spin and parity for the 4935 keV level is taken
from Borcea et al. [62]. Possible spin and parity assignments for the 5661 keV level
are those allowed by angular momentum coupling.
assignment of J™ = 6% was proposed for the 5668 keV level, no errors on the level
or gamma-ray energies were reported at the time. We place an error of 72 keV on
the observed 5661 keV excited state, and reject the previous angular momentum
assignment, as a J™ = 67 level could not be observed in this experiment due to
angular momentum considerations. No placement in the proposed level scheme was
possible for the gamma ray observed at 1379(10) keV.

The proton separation energy for **Ni (S, = 7.165(11) MeV) is significantly higher
than the energy of the highest excited state observed in this experiment, indicating
that higher excited states could be populated in the knockout reaction. A shell-model

calculation [48] predicted a total of 12 possible excited states from the one-neutron

knockout of 3"Ni to *Ni. The energies of the predicted excited states are listed along
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Table 2.2: Possible energy levels in *Ni from one-neutron knockout on 5"Ni. Listed
are the energy FE, spin and parity J”, isospin T, and spectroscopic factor C?S for
each excited state. Calculations were performed in the many-body shell model with
the FPDG6 effective interaction [43,48]. For *'Ni, the v(f7/2) and 7(f7/2) closed shells
plus v(ps/2)' were assumed. For *Ni, calculations were performed with the v(f7/2)
and 7(f7/2) closed shells for the ground state, and for the excited state 7(f7/2)® and
v(fz/2)" with the ps/a, f5/2, and p1/2 neutron shells active.

EMeV) J* T C?S
3.32 27 0 0.57
4.12 4t 0 0.54
5.14 3T 0 0.75
6.02 4% 0 0.47
6.38 57 0 0.67
6.41 4+t 1 1.01
6.63 5t 1 1.31
6.80 3t 1 0.85
7.18 2T 1 0.26
7.19 57 0 0.71
7.59 2T 1 0.37

total 7.51

with their associated spectroscopic factors in Table 2.2. While excited states up to an
energy of 7900 keV were predicted, no higher-lying excited states could be identified
experimentally above 5700 keV. Low statistics at high energies contributed to the
difficulty in resolving any gamma rays above 3100 keV. In addition, the density of
possible excited levels in %*Ni above 3100 keV was too high for the resolution of
the Nal(Tl) detectors used in the experiment. Therefore the branching ratios to the
individual excited states of ®*Ni were not calculated due to the high possibility of
indirect feeding from unobserved higher-lying excited states. While low statistics were
not a problem at energies lower than 1000 keV, it was not possible to fit any gamma
rays in this part of the spectrum due to the presence of the backscatter peaks from the
seven fit gamma rays plus 511 keV annihilation gamma rays. The backscatter peaks
were caused by gamma-rays which interact first by Compton scattering in one of the
materials surrounding the detector and then are detected in the Nal(Tl) detector

array. The inclusion in the total fit of any other gamma rays in addition to the seven
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Figure 2.6: Parallel momentum distributions associated with *Ni fragments detected
at the S800 focal plane. The momentum associated with fragments in coincidence
with all gamma rays between 250 and 7000 keV is shown in panel (a), while that
associated with all other detected 5Ni fragments is shown in panel (b).

presented did not result in a better chi squared fit to the experimental spectrum.

2.4.3 Parallel momentum distributions

The next step in the analysis was to determine the angular momentum associated
with one-neutron knockout to the different final states of the 5®Ni fragments. The
parallel momentum distributions were determined using the reconstructed scattering
angle and fractional kinetic energy of the fragments just after the target (see Section
2.3.2), the momentum (20.26 GeV/c), 5 (0.36), and mass of the fragments. In several

previous analyses of knockout experiments, parallel momentum distributions associ-
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ated with individual final states of the fragments were extracted [23,25-27]. Due to the
complexity of the gamma ray spectrum associated with the **Ni fragments, however,
it was not possible to isolate momentum distributions associated with individual final
excited states. Instead, this analysis followed the method of Navin et al. [22] for the
analysis of one-proton knockout from 2P isotopes. Two parallel momentum distribu-
tions were generated, one in coincidence with all gamma rays within the fit range of
250 to 7000 keV (Figure 2.6(a)), and the second in anti-coincidence (Figure 2.6(b)).
While one would expect the coincident momentum distribution to contain mainly mo-
menta associated with knockout to the excited states of Ni, there is also a significant
contribution from particles in coincidence with background events in the gamma-ray
spectrum. The anti-coincident momentum distribution mostly represents Ni frag-
ments created in their ground state, but also contains contributions from knockout
to %Ni excited states. Due to the finite efficiency of the Nal(Tl) detector array, not
all gamma rays emitted from the de-excitation of excited ®’Ni fragments were de-
tected. Thus not all fragments detected at the S800 focal plane in anti-coincidence
with gamma rays were associated with knockout to the ground state of ®**Ni. The mo-
mentum distributions to the ground and all excited states of the core fragments were
reconstructed from the coincident and anti-coincident spectra. The inclusive parallel
momentum distribution (Sj,y) for all ®Ni fragments detected at the S800 spectro-
graph focal plane can be written as a sum of the parallel momentum distributions for

excited states (Sexc) and the ground state (Sgs.)

Sinal(p))) = Sgs.(P)) + Sexc(Py)- (2.14)

In order to express the coincident and anti-coincident spectra in terms of Sy and
Sexc, it was necessary to introduce two parameters € and §. The average efficiency e
for the Nal(T1) array is expected to be approximately 50% for an average gamma-

ray cascade of two, but was varied in the analysis to determine the best separation
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between Sgs. and Sex.. The probability that a gamma ray not originating from the
de-excitation of a knockout fragment would be detected in coincidence with that
fragment at the S800 focal plane is §. With the parameters ¢ and ¢ the coincident

(C) and anti-coincident (A) momenta can be expressed as
Clpy) = 65gs.(p) + (€ + 0 — €6) Sexc(py) (2.15)

Alp)) = (1 = 6)Sgs.(p)) + (1 = 0)(1 — €)Sexc(p)) (2.16)

and solved for Sexc and Sgs. to yield

]

Selir) = + (o) = 5400 ) (2.17)

A | =

Sgs.(p)) = <1 + 6(16_ 5)) <A(P|) - wC(pM) (2.18)

e+ —ed

For this experiment, a value of § = 0.1 was chosen, in agreement with previous
experiments which determined a gamma-ray background of 10% per fragment. The
background appears to be higher in this experiment than the 10% assumed in exper-
iments on lighter nuclei. However, with this choice of §, a consistent separation of the
ground state and excited state events was obtained with a choice of € = 0.55. Thus the
higher background used in the fit to the gamma-ray spectrum in this experiment may
be a result of multiple gamma rays that could not be resolved due to the high level
density and low statistics at high energies. A 3.5% systematic error on the number
of counts was included in the calculation of experimental cross sections due to the
choice of the two parameters. The resulting momentum distributions are shown in
Figure 2.7. The errors shown include both statistical errors and the systematic error
on the choice of € and §.

The shell model predicts that one-neutron removal to the ground state would

be associated with an [ = 1 distribution, due to the removal of the 2p3/,, valence
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Figure 2.7: Parallel momentum distributions constructed assuming an average effi-
ciency for the Nal(Tl) array of e = 0.55. The probability that a gamma ray not
originating from the de-excitation of a knockout fragment would be detected in coin-
cidence with that fragment was assumed to be § = 0.1. The distribution associated
with knockout to all excited states of 5Ni is shown in panel (a), and that to the ground
state in panel (b). Momenta in excess of 20.55 GeV /¢ for 5*Ni were not measured.

neutron. Similarly, one-neutron removal to the excited states of 5°Ni observed in this
experiment would be presumed to correspond to an [ = 3 momentum distribution,
due to the angular momentum of a neutron removed from the 1f7/; shell. Theoretical
momentum distributions associated with [ = 1 and [ = 3 were calculated in the black-
disk eikonal model, following the procedure outlined by Hansen [29] and discussed in
Section 2.1.2. The calculated angular momentum spectra were scaled to the height

and centroid of the experimental data, but the theoretical width was not adjusted.

As can be seen in Figure 2.7(b), the ground state distribution is well described by
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an | = 1 theoretical curve centered at 20.42 GeV/c, in agreement with shell model
expectations. The distribution associated with knockout to the excited states of the
%Ni fragments, seen in Fig. 2.7(a), is significantly wider than that associated with
knockout to the ground state but is not in good agreement with the theoretical curve
for [ = 3. The width of the distribution makes impossible an assignment of angular
momentum less than [ = 3, however.

Two additional features of the excited state momentum distribution are apparent.
First, there was a loss of acceptance at high momenta (p; > 20.55 GeV/c). The large
acceptances of the spectrograph should have resulted in a near 100% efficiency for
detection of events corresponding to both the ground state and excited state momen-
tum distributions of the *Ni fragments. However, with the spectrograph operating
in dispersion-matched mode, centering of the 56Ni fragments in the S800 focal plane
resulted in placement of the high-intensity °"Ni incident beam also within the lim-
its of the focal plane detectors. In order to prevent signals from the incident beam
overwhelming the data acquisition system, it was necessary to block the 5“Ni parti-
cles at the focal plane. This blocked much of the 5’Ni contamination from the data
acquisition system, but also resulted in the loss of part of the high-momentum tail
in both the ground state and excited state momentum distributions. This effect is
most apparent in the wider excited state distribution. Secondly, a low-momentum
tail extending to approximately 19.95 GeV/c can be seen in the excited state mo-
mentum distribution. Momentum excesses at low momenta such as that seen around
20.25 GeV/c in the ground state distribution, but at much lower intensities, have
been reported in several previous one-nucleon knockout experiments on ''Be, 5C,
and 31Si [23,27,63]. Tostevin [64] has shown that the tail in the momentum distribu-
tion from the knockout of !Be can be reproduced using a fully quantum mechanical
calculation performed with the CDCC (coupled-channels) method. The tail is signifi-
cantly larger in the case of the excited-state distribution in this experiment, possibly

due to the population of a large number of excited states with different momentum
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centroids as a result of the neutron knockout process. This question could be resolved
with a gate on individual excited states in the gamma-ray spectrum which was not
possible in this experiment. A future nucleon-knockout experiment on nuclei in this
mass region with the now available SeGA array of germanium detectors [65] would
help to determine if the different momentum centroids of such excited states could
produce such a tail. A correction on the number of particles detected in the excited
state distribution due to the acceptance loss at high momenta and the low-momentum
tail were included in the following determination of cross sections and spectroscopic

factors.

2.4.4 Cross sections and spectroscopic factors

The inclusive cross section oi,q was calculated from the ratio of Ni fragments de-
tected at the spectrograph focal plane to the number of incident *’Ni nuclei, normal-
ized to the number of incident beam particles and multiplied by the target number

density

Npeam (PNi) /Npeam (*°Ni total) x Epaq(°°Ni) y Ay x 10%7
Nbeam (°"Ni) /Npeam (3"Ni total) x Epaq(?"Ni) Nyxt '

(2.19)

Oincl =

The number of incident 5"Ni nuclei (Npeam (*’Ni)) was determined from the initial data
run with the spectrograph magnetic fields set to the momentum of the incident beam.
The number of 56Ni for each run (Nyeam (*°Ni)) is determined by the number of counts
satisfying all particle identification gates discussed in Section 2.4.1. The number of
incident beam particles for each run (Npeam(total)) is measured by a silicon PIN
detector at the exit of the A1200 fragment separator. A; is the number of atoms in
the 9Be target, N4 is Avagadro’s number, and ¢ is the thickness of the °Be target in
g/cm?. The inclusive cross section was calculated run by run and fluctuations in the
production rate for 5°Ni fragments (Npeam (°*Ni)/Npeam (*®Ni total)) were observed. To

minimize the error on oj,q, the average for the three runs closest to the initial 5"Ni
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Table 2.3: Cross sections and spectroscopic factors for the various final states of *Ni
populated in the Be(’"Ni,%*Ni) X reaction at 73 MeV /nucleon. Theoretical single-
particle cross sections (o, 0aift, 0sp) Were calculated in the eikonal model. R; is de-
fined as the ratio of experimental (0ey,) to theoretical (o) cross sections.

ground state excited states inclusive

I 0" 27 5T

l 1 3

gr(mb)  9.66 6.63

oaiz(mb)  3.39 1.80

Oep(mb)  13.05 8.43

ow(mb)  13.05 63.23 76.28
Gexp(mb)  7.7(15) 37.9(26) 45.6(30)
C2Sy 1.0 75

C2S4p  0.56(11) 4.3(3)

R, 0.56(11) 0.57(4) 0.57(4)

run was used to determine the initial value of oy, = 41.4(12) mb. The error due to
the fluctuating rate of 5°Ni production was thus reduced to less than one percent.
The partial cross sections to all excited states and the ground state of °Ni were
determined using the same method that generated the parallel momentum distribu-
tions. The total number of counts in the raw gamma-coincident (19,030) and anti-
coincident (18,845) spectra were entered into Equations 2.17 and 2.18. This allowed
for a determination of the branches to the ground state and all excited states —
30,793 counts for Sey corresponding to a branch of 81.3(35)% and 7,082 counts for
Sg.s. corresponding to a branch of 18.7(35)%. The branches were multiplied by the
initial inclusive cross section to determine the cross section to the ground and all
excited states. Before the cross sections were finalized, however, a correction for the
loss of high-momentum acceptance had to be taken into account. The cross section
to all excited states using this method was too low, due to the loss of acceptance at
high momenta previously discussed. The correction to the cross section for this loss
could take two forms — a large tail at high momenta equal to that at low momenta
which would add 5,500 counts to the number of detected 56Ni particles, or a shape

above 20.55 GeV/c following the theoretical | = 3 distribution shown in Figure 2.7
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which would add 2,300 counts. An average of the corrections for the two cases was
added to the excited state cross section, along with the associated error. With this
correction applied to the excited state cross section, the cross sections listed in Tables
2.1 and 2.3 were calculated. The final inclusive cross section of 45.6(30) mb was de-
termined by adding the partial cross sections to the ground (7.7(15) mb) and excited
(37.9(26) mb) states of the *Ni fragments.

Theoretical single-particle cross sections were calculated in the eikonal model,
as discussed in Section 2.1.2. The calculated stripping and diffraction components
for the single-particle cross sections to the ground state and excited states of the
fragments are listed in Table 2.3, along with the total theoretical cross sections. With
both theoretical and experimental partial cross sections determined, the experimental
spectroscopic factors to the ground and all excited states of the 5Ni fragments were
calculated according to Equation 2.1. The deduced spectroscopic factors were C%S =

0.56(11) for the ground state, and C2S = 4.3(3) for all excited states.

2.5 Discussion

The shell model is expected to most accurately predict the properties of nuclei at or
near closed shells. As 5'Ni is a semi-magic nucleus with only one neutron outside a
doubly-magic core, the shell model should predict well its single-particle occupancies.
The observed level scheme (Figure 2.5) shows good agreement with the first four
excited states calculated from the shell model in Table 2.2. The shell model also cor-
rectly predicts the angular momentum of the knocked-out neutron in its ground state,
shown by the good fit of the [ = 1 distribution to the ground state momentum distri-
bution in Figure 2.7. Although the angular momentum of the knocked-out neutron in
its excited state could not be well determined, an angular momentum of at least [ = 3
can be assigned. The measured partial and inclusive cross sections, however, do not

show good agreement with theory (see Table 2.3). The measured cross section to the
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Table 2.4: Cross sections and quenching factors for one-nucleon knockout experiments.
Separation energies S, and S,,, beam energies Fpg, experimental (0exp) and theoretical
(o4n) inclusive cross sections, and the quenching factor Ry = 0eyp/0wn are tabulated.
All separation energies are from the Nuclear Data Sheets, except for °CJ.

One-proton knockout
Sp(keV) Eg(MeV /nucleon) 0eyp(mb)  opn(mb) R

8|B2  137.5(12) 76 125(11)  151.3 0.83(7)
8B 137.5(12) 142 109(1)¢  109(1)  0.86(1)
285 89(2)° 100.6 0.88(2)
936 94(9)4 105.6 0.89(9)
1440 96(3)° 108.8 0.88(3)
average 0.88(4)
26Pf - 140(20) 65 72(13) 62 1.16(21)
2Pt 897(35) 65 74(11) 82 0.90(13)
°%Ca  1296.3(25) 78 51.5(42)  65.7 0.78(6)
28PL - 2066(4) 65 70(11) 54 1.30(.20)
160b  12127.41(1) 2100 54.2(29)¢ 80.2 0.68(4)
12Cb 15957.0(4) 1050 48.6(24)*  96.1 0.51(3)
2100 53.8(27)* 96.1 0.56(3)
average 0.53(2)
One-neutron knockout
Sn(keV) Eg(MeV /nucleon) 0eyp(mb)  opn(mb) R,
"Be' 504(6) 60 259(39) 224 1.16(17)
YC 650(150) 60 264(80) 172 1.53(46)
1TCi 728(17) 60 115(14) 100 1.15(14)
$5Gik  2470(40) 73 106(19) 98 1.08(19)
16C5 4250(4) 60 77(9) 77 1.00(12)
37k 4303.58(9) 69 99(12) 85 1.16(14)
34Gik  7536(21) 73 123(14) 113 1.09(12)
Ni  10247(11) 73 45.6(3)  75.8 0.60(4)
160> 15663.7(5) 2100 42.9(23)* 76.9 0.56(3)
12¢b 18721.8(10) 1050 44.7(28)* 93.4 0.48(3)
2100 46.5(23)" 93.3 0.50(3)
average 0.49(2)
“Ref. [66] IRef. [67]
bsn and R, from Ref. [39] "Ref. [68]
“Ref. [69], statistical errors only iCross sections from Ref. [23]
dRef. [70] ICross sections and S,, from Ref. [26]
®Weighted average of Ref. [71,72] kCross sections from Ref. [27]

I Cross sections from Ref. [22]
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ground state is 56(11)% of the theoretical ground-state cross section. The measured
cross section to all excited states is 57(4)% of the sum-rule theoretical cross section,
and the measured inclusive cross section is 57(4)% of the theoretical inclusive cross
section. The reductions in observed cross sections translate to reductions in observed
spectroscopic factors as compared to those calculated with the shell model.

Several studies have recently been performed to explore this reduction in spectro-
scopic strength, also observed in other nucleon-knockout experiments [39] as well as
inelastic scattering experiments [30]. Inelastic electron scattering experiments have
been considered the standard for absolute determination of spectroscopic factors.
Kramer et al. [30] showed that spectroscopic factors deduced as a result of a series of
(e, e'p) experiments on stable nuclei from '2C to 2%®Pb exhausted only about 60% of
the single-particle shell model prediction. In the same review, data from a range of
(d,>He) transfer reaction experiments was reanalyzed. Spectroscopic factors deduced
from (d,*He) experiments had agreed with shell model predictions, but corrections to
the range of the transfer reaction and the wave function used brought the spectro-
scopic factors for transfer reactions in agreement with those from electron scattering.

Electron scattering data is only available for stable nuclei as facilities do not
yet exist to perform such experiments on radioactive nuclei. It is also not possible
to probe neutron occupancies with electron scattering experiments. In contrast, the
technique of one-nucleon knockout can be used to probe both proton and neutron
occupancies of radioactive as well as stable nuclei. It then becomes of interest to
compare the spectroscopic factors deduced via one-proton knockout reactions to those
from electron scattering, and compare the results with spectroscopic factors deduced
from one-neutron knockout. Brown et al. [39] compared theoretical cross sections
calculated in the eikonal model with experimental cross sections from a series of one-
nucleon knockout experiments performed at GSI and LBL [67-72] on both stable and
radioactive nuclei. In order to facilitate comparison between experiments, a reduction

(also called quenching) factor R, was defined as the ratio between the experimental
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and theoretical cross sections (Rs; = 0Oexp/0tn). One-proton knockout on the stable
nuclei '2C and '®0O resulted in R, values of 0.53(2) and 0.68(4), in agreement with
the reduction factors deduced from the electron scattering experiments. One-neutron
knockout from the same two stable nuclei yielded R, values of 0.49(2) and 0.56(3),
suggesting that one-neutron knockout experiments measure the same quantity as
one-proton knockout, and thus can also be used to measure absolute spectroscopic
factors. Brown et al. also compared theoretical cross sections with experimental data
for one-proton knockout of the radioactive nucleus 8B. An average reduction factor
of 0.88(4) was deduced from four experiments [69-72] at different beam energies. It
was suggested that the smaller proton separation energy for the valence proton of B
compared to that for the stable nuclei may be responsible for the better agreement
with shell model predictions.

A third study of the reduction in experimental spectroscopic factors was recently
performed by Enders et al. [66]. In this case, the two radioactive p-shell nuclei B and
9C were studied via one-proton knockout. This study differed from that of Brown
et al. in that the secondary beam energies used were significantly lower, 76 and
78 MeV /nucleon for 8B and °C, respectively. The results provide further evidence
that the reduction in spectroscopic factors relative to the shell model decreases as
one moves farther from stability. R, values of 0.83(7) and 0.78(6) were determined for
8B and °C. It is suggested that the short-range part of the nucleon-nucleon interaction
may explain some or all of the observed reduction in spectroscopic factors. The repul-
sive short-range part of the interaction becomes important at distances less than 0.4
fm, and leads to high-momentum components of the nucleon wave function [73]. Such
components would be difficult to measure experimentally, and would be observed as
a reduction in the single-particle occupancies relative to those calculated in the shell
model.

The R, factors for one-nucleon knockout for a range of nuclei are listed in Table 2.4.

In this analysis, only R values for inclusive one-proton and one-neutron knockout
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cross sections were examined. In Figure 2.8, the R, values are plotted as a function
of proton and neutron separation energy. All data from single-nucleon knockout ex-
periments in references [22, 23,26, 27,39, 66| are included, excluding the anomalous
value for the one-proton knockout on *°Al (see Ref. [22]). The results for one-proton
knockout are shown in Figure 2.8(a). A trend toward decreasing Rs with increasing
proton separation energy can be suggested, although the R, values for 2P and 2P
are high even when one includes the large error on both values. The results from
one-neutron knockout are shown in Figure 2.8(b). Again, there may be decrease in
R, with increasing separation energy. The contribution from the present work is indi-
cated in Figure 2.8(b) by a star. The reduction in single-particle occupancy observed
in the case of radioactive >'Ni is in much closer agreement with the reductions for the
single-neutron knockout from the two stable nuclei 2C and O than with those for
the radioactive nuclei. One could argue that aside from 2C, O, and 3'Ni, all other
reduction factors are consistent with 1.0 (no quenching) within experimental errors.
It is difficult to draw conclusions for R, trends as a function of separation energy with
few data points on radioactive nuclei. It will also be necessary to perform one-proton
knockout on nuclei in the separation energy range between 2.1 and 12 MeV, to gather
more evidence for a trend in R,. Further studies are needed, especially on heavier
stable and radioactive magic or semi-magic nuclei.

The quenching observed in electron scattering experiments for stable nuclei from
12C to 2%Pb appears to extend to well-bound radioactive nuclei such as 5"Ni. Thus
the observation of approximately 50% reduction in the spectroscopic factors for the
ground state of 5"Ni are likely due to the difficulty of observing the full spectroscopic
factors, and not due to mixing of *Ni core excitations in the 5"Ni ground state
wave function. The current experiment agrees with the previous measurement of
spectroscopic factors for the low-lying states of "Ni [50] in concluding that *'Ni can

be described well by the single-particle model.
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Figure 2.8: Quenching R, versus proton (S,) and neutron (S,) separation energy
for one-proton (a) and one-neutron (b) knockout experiments. R; is defined as the
ratio between experimental and theoretical inclusive cross sections. The data point
indicated by a star is from this work. See Table 2.4 for references.
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Chapter 3

Coulomb Excitation of

Neutron-Deficient Nickel Isotopes

3.1 Intermediate-energy Coulomb excitation

3.1.1 Description of experimental method

The well-established experimental method of Coulomb excitation has yielded a wealth
of nuclear structure information for stable nuclei [74,75]. One nucleus, traditionally
located in a target, is excited in the Coulomb field of another, traditionally a projec-
tile with an energy well below the Coulomb barrier. This low energy assures that only
Coulomb excitation takes place with no contribution from nuclear excitations due to
the strong force. The gamma rays (or other particles such as conversion electrons) de-
tected as the target nucleus de-excites allows for a measurement of the energy spacing
between the bound nuclear states. The measured cross section for Coulomb excitation
is directly proportional to the nuclear matrix elements B(EX) and B(M\) connecting
the two levels. Thus one Coulomb excitation measurement allows for simultaneous
measurement of two fundamental quantities in nuclear structure, the energy of an ex-

cited bound state and the nuclear matrix element connecting it to the ground state.
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Projectile

Figure 3.1: Diagram of scattering trajectories for an infinitely heavy target nucleus.
The scattering angle 6 is chosen to assure that b is equal to the sum of the target and
projectile radii plus at least 2 fm.

In order to study radioactive nuclei, the method of intermediate-energy Coulomb
excitation is used [76-80]. As radioactive nuclei cannot be prepared into targets, a
stable, high-Z target is used to excite the projectile nucleus of interest. Both the target
and projectile nuclei can be excited as a result of their interaction, but the photons
emitted by the moving projectile can be easily distinguished from those emitted by
the stationary target due to Doppler broadening. At the NSCL, the nuclei of interest
are produced in fragmentation reactions and have an energy of 30-100 MeV /nucleon
(see Section 2.3.1). As the energies are well above the Coulomb barrier, the dominance
of Coulomb interactions over nuclear interactions is assured by choosing extremely
forward scattering angles. As shown in Figure 3.1, the choice of laboratory scattering
angle 6,4, fixes the range of impact parameters. The impact parameter b is related to

the scattering angle in the center-of-mass frame 0., via [81]

06m
b:%cot<2>, (3.1)

where
2
ZproZtar €

a— el (3.2)
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Zpro and Zy,, are the charge of the projectile and target nuclei, m, is the reduced
mass of the projectile-target system (m, = (MproMtar)/(Mpro + Miar)), and G and 7y
are the relativistic factors for the velocity of the projectile (v) in the laboratory frame

defined as
1

vy

The scattering angle in the center-of-mass frame is related to the laboratory scattering

and f= % (3.3)

angle
sin @,

’ch(COS Oem + (ch//B)) ’

where [, is the velocity of the center-of-mass frame with respect to the laboratory

tan Qlab = (34)

frame!. Choice of small 6., assures peripheral collisions of the two nuclei. Exper-
imentally, a maximum scattering angle 6],;® corresponding to a minimum impact
parameter b,,;, equal to at least 2 fm plus the sum of the target and projectile
radii is chosen. With the radii of the projectile and target nuclei approximated as
r = 1.25 fm A'/3 [82], a minimum impact parameter of b,,;, = 14 fm and thus a max-
imum scattering angle of 7¢® = 2.8° is chosen for scattering of 5°Ni projectiles at
B = 0.4 on a 97 Au target.

The semiclassical theory for relativistic Coulomb excitation was derived by Alder
and Winther [76]. Nuclei are assumed to follow straight-line trajectories with excita-
tion probabilities calculated in time-dependent perturbation theory. As the maximum
scattering angle in the laboratory chosen to assure the dominance of Coulomb exci-
tation is only a few degrees, the straight-line assumption is valid at high energies. At

intermediate energies, however, the recoil of the target nucleus modifies the straight-

line trajectory of the projectile. The lowest order correction for deviations from the

'For the Coulomb excitation experiments discussed here with A,,, ~ (1/4)A¢qr, three frames of
reference must be defined— the laboratory frame, the frame of the incident projectile, and the frame
of the projectile-target center of mass. Where no subscript is attached, 8 and -y refer to the velocity
of the incident projectile in the laboratory frame.
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straight-line trajectory, included for a more complete solution, is [76]

Ta
b—b+ —. .
—b+ 2 (3.5)

3.1.2 Excitation cross section and reduced transition proba-
bility

The theory of relativistic Coulomb excitation has been described in-depth previ-
ously [76,77,81,83]. A summary of results pertinent to the analysis of the Coulomb
excitation experiments discussed here is presented. The equations that follow refer to
the excitation of the projectile nucleus by the Coulomb field of the target, as is the
case for the present experiments. To obtain the equations for excitation of the target
nucleus, replace the charges Z;,, by Z,,, and the reduced transition probabilities By,,
Wlth Btar'

The cross section for Coulomb excitation (CE) can be written in terms of the

cross section for Rutherford scattering

do do
- — [ == P .
(dQ> CE (dQ> Ruth ik (3:6)

where P;_,; is the probability of excitation from the initial nuclear state |i) with energy

E; to the final state |f) with energy E;, defined as
Prosy = laio . (3.7)

In the experiments discussed here, the initial state of the nucleus is always the ground
state. The excitation amplitude a;_,; is expressed in terms of the electromagnetic

interaction potential V' (r(¢)). This time-dependent potential can be treated as a per-
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turbation on the nuclear wave function. Thus the excitation amplitude has the form
1 [ . _ )
= [ BBV (s(e)f) (3.5)

assuming that the electromagnetic field excites the target weakly. The amplitude for

excitation a;_,¢ can also be expressed as

ainy =1y x; A6, (3.9)
A

where x measures the strength of the interaction and f)(§) measures the degree of

adiabacity. For both electric and magnetic transitions,

. Zyare{f|M(mAp)|i
9~ B M)

(3.10)

The adiabacity parameter £ can be thought of as the ratio between the collision time
and the internal motion of the nucleus to be excited. The collision time must be
much shorter than the time of the nucleus’ internal motion in order for an excitation
to occur. With the high velocities of the projectiles in intermediate-energy Coulomb
excitation, collision times are very short. The adiabacity parameter for relativistic

Coulomb excitation has the form

_E;—E; b

£ R g

(3.11)

with the impact parameter b modified as shown in Equation 3.5.
To calculate the excitation cross section, the excitation probability is integrated

over impact parameters from b,,;, to infinity
Oisf = 271'/ I)i—>f bdb. (312)

The function f,(§) in Equation 3.9 is approximated as a step function, introducing
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an adiabatic cutoff when ¢ = 1. With the adiabatic cutoff approximation, the cross

section can be estimated

bmaa:
Oig R 27r/ Ix|> bdb, (3.13)

bmin
where the upper limit b,,,, is the impact parameter corresponding to & = 1. Inserting

X, the excitation cross section can be approximated as

(3.14)

<Ztar€2> Bp,«o(ﬂ')\, 0 — )\) 2(17)\) ()\ - 1)71 fO'r')\ Z 2
Onx n bm'm

¢’ 2 10 (Brnas /bmin)  fOrA = 1

for transition parity 7 and multipolarity A. The reduced transition probability for the

projectile (Byro(mA, I; = 1)) is related to the reduced matrix element

1

Bpm(ﬂ')\,]i — If) = of 11

(I IM@ENIT)1 (3.15)

where M(7) is the multipole operator for electromagnetic transitions. The exact

expression for the excitation cross section, summed over 7 and A, is equal to [76]

Ziare?\ E — E\** Y B\ — I
Oisf = ( tar® ) Z (f7> £ (7T f) |G7r)\p.(ﬁ_1)|2 g,u(f(bmzn))
T

he he e?
(3.16)
The Winther and Alder functions g, (&) is
9u((bmin)) = m€* {|Ku+1(§)|2 — K. (&) - %KMI(S)K#(Q , (3.17)

where K (§) are the modified Bessel functions and y is the angular momentum transfer
along the beam direction
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For electric excitations and ¢ > 0, 7 = E and

—1y A u 167 (A —w)! 12 —2 1\ 1/2
GrwlB™) =i )\(2)\+1)!!<()\+p)!> (57 -1) (3.19)
A+DA+p) o ooy AMA=p+1) 0y
(B P - 20T o)

For magnetic excitations and 4 > 0, 7 = M and

™ — H): 1/2 —1/2 1
Gua(B71) = z‘***‘“/\mli D <8+Z§:> (B2=1)""PuPr ). (3.20)

P} (B71) is the associated Legendre function, evaluated for values of 3! > 1. For
p <0,
Gexu(B71) = (=1)*Grrn(B7)
Gyr—u(B71) = —(=1)*Ganu(B71).

(3.21)

3.1.3 Gamma-ray angular distributions

The Coulomb excitation process does not populate the magnetic substates of the ex-
cited state evenly and thus the angular distribution of emitted photons is anisotropic
[74,83]. The angular distribution of emitted gamma rays then becomes important
for the calculation of detector efficiency, as discussed in Appendix B. The theory of
angular distributions for intermediate-energy Coulomb excitation is derived in Refer-
ences [74,76,83], and only final results are presented here.

The angular distribution W (6) is

Ak
WO) = Y 1GnB)PaE)(-) (3.22)
k even, Mmoo 0
L,L'
Iy Iy k
Fk(L,LI,Iff,If) V2k+1pk(C080)(5L(SL/. (323)
A AT

The Winther and Alder functions g,(£) are given by Equation 3.17, G,,(87!) by
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Equations 3.20 and 3.20, and the Py(cos#) are Legendre polynomials. The 67,0 are
related to the mixing ratio, and are discussed in detail by Alder et al. [74]. The

gamma-gamma correlation function Fy (L, L', Iz, If) is [74]

F(L, L' I, 1) = (—)’ff+’f—1\/(2L +1)(2L' + 1)(2k + 1)(21; + 1) (3.24)

L L' k L L' k
X ) (3.25)
1 -1 0 Ip Iy Iy

The angular distribution is usually expressed as

W) = Z ay Py(cos ), (3.26)

keven

where the coefficients a;, were calculated [84] in MATHEMATICA.

3.1.4 Experimental cross section and transition rates
Experimental cross section

The experimental cross section for Coulomb excitation is

N’)’
o= , 3.27
€tot X N, beam X N, target ( )

where IV, is the number of detected de-excitation photons, €, is the total detector
efficiency, Npeam is the number of incident secondary beam nuclei, and Nygpge: is the
number of target nuclei per unit area. The total efficiency (€;;) includes contributions
from the detector efficiency, solid angle covered by the detector array, angular distri-

butions of emitted gamma rays due to the reaction mechanism and Lorentz boost,
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and absorption of gamma rays in the target material, and is given by

ZNQWW(OPM) sin @0
is0,booste Opro
€tot = €(Efy)lab’b ted dgeant X : 1 . (3'28)
EZNG?TU sin 0,0

pro

The Lorentz-boosted laboratory-frame efficiency at the Doppler-shifted gamma-ray
energy of interest is e(Ev);'Zg’bOOSted, dseant 18 a scaling factor applied to adjust the simu-
lated efficiency to the measured efficiency, and W (6,,) is the non-Lorentz-boosted an-
gular distribution at a given projectile-frame angle. The angular distribution W (6,,,)
is weighted with the number of gamma rays detected in the SeGA array at each an-

gle Ny. Details of the efficiency calculation can be found in Appendix B. The target

density per unit area is calculated as

Ntarget = A y (329)

where N4 is Avagadro’s number (N4 = 6.022 x 10% particles/mol), p is the target
density in g/cm?, and A is the atomic mass of the target nuclei in g/mol.
Selection rules

The transition between an initial nuclear state I7 and a final state I} is usually
dominated by the lowest multipolarity A allowed by angular momentum and parity
selection rules [82]. A transition between nuclear states vanishes unless Ir = A + I;.

Thus the angular momentum selection rule for electromagnetic excitation is

I; — L <A< I;+ 1, (3.30)
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The parity selection rules are

mm; = (=1 for EX

mnp = (=1 for M. (3.31)

Electromagnetic transition rates

The transition rate W, or the number of decays per unit time, can be related to the

reduced transition probability [82]

8T(A+1 B\

where B(E)) has units e2fm?* and B(M)) has units x3 2. When relating the tran-
sition rate to the reduced transition probability in Equation 3.32, I, is the excited
state of the nucleus and I is the ground state. Thus B(\; I — I;) represents the
reduced transition probability for de-excitation of the nucleus, henceforth written
B(mA |). The corresponding reduced transition probability for excitation will be

written B(wA T). The relation between the two reduced transition probabilities is

21, + 1
B(r\ I —» L) = 21? — BrA b= h), (3.33)
or
2I; + 1
B /TR 34

where Iy is the excited bound state of the Coulomb-excited nucleus, and I; is the
ground state.
The half-life T}/, and width I' of an excited bound state of a nucleus can be

determined from the transition rate

In2
Ty = HW and T = hW. (3.35)
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Competition between electric and magnetic excitations

If the selection rules 3.30 and 3.31 allow transitions of more than one multipolarity

for a given nuclear excitation, the excitation cross sections add [78]

o= ZU“' (3.36)
T

For a given )\, using Equation 3.32 and the selection rules for electromagnetic transi-

tions [82],
W(EN) > W(EN+1) and W(MN) > WM+ 1). (3.37)

The transition with lower multipolarity for a given parity (E or M) will dominate.
While magnetic transitions are weaker than electric transitions for a given ), if both
the M\ and E(\ + 1) transitions are allowed, they may become competitive in the
transition rate. Thus the mixing ratio for the M\ and E(\ + 1) components must be
determined [82]

W(E(A+1))

6 = WOy (3.38)

3.2 Experimental setup

The series of Coulomb excitation experiments on the Ni isotopes was performed at the
Coupled Cyclotron Facility of the NSCL. This upgrade, completed in 2001, allowed
the two superconducting cyclotrons (K500 and K1200) at the NSCL to be used in
tandem. Thus stable nuclei could be accelerated to higher energies and intensities
than before, allowing for the production and study of nuclear species with shorter
half-lives. This represents an improvement on the facility as described in Section 2.3
for one-nucleon knockout of ®Ni, as nuclei farther from the valley of stability (such as
54Ni) could be produced in sufficient quantities for study. Due to the short lifetimes

of the nuclei under study, measurements were again performed in inverse kinematics
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Table 3.1: Secondary beam characteristics for Coulomb excitation experiments. The
primary beam was *®Ni at 140 MeV /nucleon.

Secondary  °Be Production Energy Intensity Data Acquisition
Beam  Target (mg/cm?) (MeV/nucleon)  (s!) Time (hours)
Ni 790 77.8 8000 4.0
56Ni 423 85.8 3300 214
5Ni 423 84.8 680 58.9
%Ni 376 70.3 65 91.7

as described in Section 2.3.

3.2.1 Secondary beam production

A primary beam of ¥Ni was used to produce beams of 35%5Ni for Coulomb excita-
tion. The primary beam of 58Ni was extracted from a room-temperature ECR source
and transported to the K500 cyclotron, where it underwent initial acceleration. Once
the stable beam was at maximum acceleration in the K500 cyclotron, it was trans-
ported to the K1200 cyclotron and accelerated to an energy of 140 MeV /nucleon.
The primary beam was then incident on a thick °Be production target to produce
secondary beams of the different Ni isotopes and other fragmentation products. The
A1900 fragment separator [85], which represents an upgrade of the A1200 fragment
separator previously discussed in Section 2.3.1, was used to select the secondary beams
at the energies of interest and transport them to the experimental area. The different
secondary beams with their production targets, energies, intensities, and data acqui-
sition times are listed in Table 3.1. In order to provide better identification of the
different nuclei in each secondary beam, a 445.5 mg/cm? Al wedge was used in the
fragment separator for purification of the *Ni, 5Ni and 3°Ni secondary beams. Due
to the lower intensity of the 5*Ni secondary beam, a thinner 238.4 mg/cm? Al wedge
was used.

The experimental setup for the Coulomb excitation experiments (Figure 3.2) was

very similar to that used for the one-nucleon knockout experiment described in Chap-
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Figure 3.2: Schematic of the experimental setup for the Coulomb excitation of
neutron-deficient Ni isotopes at the NSCL.

ter 2. The S800 spectrograph was used to identify the particles of interest after interac-
tion with the Coulomb excitation target, and a gamma-ray detector array surrounded
the target. The Nal(T1) detector array used in the one-neutron knockout experiment
was replaced in this experiment by an array of eighteen thirty-two-fold high-purity
segmented germanium detectors (SeGA) [65]. The secondary Coulomb excitation tar-
gets (184.1 mg/cm? or 257.7 mg/cm? '9"Au) were placed at the center of the SeGA
array. The S800 spectrograph is briefly discussed in Section 3.2.2, while the SeGA

array is described in more detail in Section 3.2.3.

3.2.2 S800 spectrograph and particle identification

The S800 spectrograph was used to identify the inelastically scattered secondary
beam particles of interest after their interaction with the Coulomb excitation tar-
get. Characteristics of the spectrograph and details of the focal plane detectors were
previously discussed in Section 2.3.2. The spectrograph was operated in dispersion-
matched mode, limiting the spread in incident momentum from the A1900 fragment

separator to +0.5%.
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Figure 3.3: Representative particle identification spectrum for **Ni and 52Fe at the
S800 spectrograph focal plane. The A1900 fragment separator and S800 spectrograph
settings were optimized for **Ni. Shown is the cumulative data for all runs totaling
approximately 92 hours. Energy loss was measured in the ion chamber of the S800
focal plane, and time of flight was measured from a scintillator at the exit of the
A1900 fragment separator to the first scintillator of the S800 focal plane.
Identification of the fragments of interest was carried out with the focal plane de-
tectors of the S800 spectrograph [54], two plastic scintillator detectors located at the
exit of the A1900 fragment separator and the entrance to the S800 analysis line, and
a parallel-plate avalanche counter (PPAC) located just before SeGA. The secondary
beams transported through the A1900 fragment separator were not pure beams of
the nucleus of interest, but “cocktail beams” that contained several nuclei (see Fig-
ure 3.3 for an example). Thus it was necessary to place a primary gate on the nucleus
of interest before the Coulomb excitation target, followed by a secondary gate on
the inelastically scattered nucleus after interaction with the target. The time dif-
ference between a particle’s interaction with the two scintillators in the beam line
allowed for the primary identification of the nucleus of interest before interaction
with the Coulomb excitation target. After the beam’s interaction with the target, a

range of fragmentation products were produced along with the inelastically scattered

secondary beam. Secondary gates on the inelastically-scattered beam after Coulomb

65



excitation were placed on a plot of energy loss in the S800 focal plane ion chamber
versus time of flight. This time of flight was measured between the plastic scintillator
detector located at the exit of the A1900 fragment separator and the first scintillator
of the S800 focal plane. The plot of energy loss in the ion chamber versus time-of-
flight provided a better separation between the nuclei in the cocktail beam before
the interaction with the %7 Au target, and was used in addition to the primary gate
on the incident beam from the scintillator time difference. An example of an energy
loss versus time of flight spectrum for the cocktail beam associated with the 54Ni sec-
ondary beam is shown in Figure 3.3. A third gate was placed on the position of the
incoming secondary beam particles in the PPAC detector located before the Coulomb
excitation target. As the beam was dispersion-matched, the beam was spread over
the length of the PPAC detector in the dispersive direction. A software gate was
placed on the PPAC spectrum to only exclude the edges of the active area of the
PPAC in both the dispersive and non-dispersive directions, to eliminate overflows

from particles’ interactions at the very edge of the detector area.

3.2.3 The MSU Segmented Germanium Detector Array

Due to the high energies (70-85 MeV /nucleon) of the incoming secondary beams, an
array of position-sensitive gamma-ray detectors was necessary to determine the angle
of the emitted gamma ray and thus the energy of the gamma ray in the rest frame
of the particle of interest. For the Coulomb excitation experiments, the new array of
eighteen thirty-two-fold high-purity segmented germanium detectors (SeGA) [65] was
used to detect the gamma rays emitted from de-excitation of the nuclei of interest (see
Equation 2.9). The intrinsic energy resolution of the SeGA detectors is approximately
2.5-2.8 keV (0.2%) at 1332 keV, representing a significant improvement in intrinsic
resolution over the Nal(Tl) detector array discussed in Section 2.3.3. In experiments
with the Nal(Tl) detector array, the intrinsic resolution of the Nal(Tl) detectors

(AFE;,) was the dominating factor in the total energy resolution (Equation 2.10).
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Figure 3.4: Detail of SeGA in the configuration used for the Coulomb excitation
experiments performed with the S800 spectrograph. The two 37° and 90° rings of
SeGA are named according to the angle of the center of the germanium crystals with
respect to the beam direction. The 37° ring can hold up to seven detectors when
placed at the entrance to the spectrograph, and the 90° ring can hold up to ten
detectors.

With the significantly lowered contribution from the intrinsic resolution of the ger-
manium detectors, it is necessary to lower the contributions from the opening angle
of the detectors (A#) and the uncertainty in the beam energy (AS) to achieve the
best possible experimental energy resolution. To lower the contribution to the energy
resolution from (Af), thinner Coulomb excitation targets must be used with SeGA as
compared to those used for Coulomb excitation experiments with the Nal(Tl) array.
The segmentation of the SeGA detectors provides a significant improvement in the
measurement of the opening angle of the detector array, allowing for a determination
of the interaction position of a gamma ray to within 1 cm.

For the present experiment, SeGA was placed at the entrance of the S800 spec-

trograph. In this configuration, a total of 17 segmented germanium detectors could
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be mounted in the array. The detectors were arranged in two rings as shown in Fig-
ure 3.4. The rings are denoted as the 37° and 90° rings because the centers of the
germanium crystals in each ring are at either 37° or 90° in theta with respect to the
beam direction. In the configuration at the entrance to the S800 spectrograph, the
37° ring may contain up to seven detectors. The detector frame can hold up to eight,
but one detector cannot be mounted due to the presence of a gate valve. The 90°
ring may contain up to 10 detectors. In this experiment, due to problems with several
detectors, there were different numbers of detectors for the different secondary beams.
For the 5856:55Nj secondary beams a total of 15 detectors were operational, seven in
the 37° ring and eight in the 90° ring. For the 5Ni secondary beam a total of 13
detectors were operational, six in the 37° ring and seven in the 90° ring. All detectors

were at a distance of 20 cm from the center of the °”Au target.

Position determination

In order to determine the interaction position of a photon, and thus the emission
angle from the target, the position of each segment of each SeGA detector with
respect to the target must be known. This requires two measurements: the position of
each segment with respect to the detector, and position of each detector with respect
to the target. Measurements of the positions of the centers of each segment with
respect to the detector cryostat were performed with an automated system [86] which
determined the segment positions to an accuracy of less than 0.5 mm (0.28°). The
position of each detector with respect to the target is measured for each experimental
configuration. For the present experiment, the position of each detector within the
detector frame was first measured, followed by the position of each frame location with
respect to the target. The three position measurements — segments with respect to
detector, detector with respect to frame, and frame with respect to target — were
then combined to allow for a determination of the interaction position of a gamma

ray to within 1 cm.
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The interaction position determination just described assumes that the full energy
of the gamma ray is deposited in one interaction with the detector material. This is
not the case experimentally, as the gamma ray may undergo Compton scattering or
pair production before depositing its full energy. This may cause the full energy of
the gamma ray to be shared between multiple segments, and some energy may be
lost if the gamma ray scatters out of the crystal. It is then necessary to determine
which of the multiple gamma ray events corresponds to the first interaction position
of the photon in the crystal from which the angle of the emitted gamma ray can
be determined. The following algorithm was used to determine the first interaction
position when more than one gamma ray was detected in one SeGA detector for one
event trigger. An event trigger was either a down-scaled particle detected at the S800
focal plane or a particle detected at the focal plane in coincidence with a gamma ray
detected in SeGA. The segment multiplicity is defined as the number of segments in
one SeGA detector registering energies greater than 10 keV for one event trigger. If
the segment multiplicity was two, several conditions were used to determine the first
interaction position. In software, each SeGA detector was divided into halves. If the
two segment events took place in different halves of the detector, the interaction in
the half closest to the target was assumed to be the first interaction position. If both
segment events took place in the same half of the detector, the highest-energy event
was assumed to be the first interaction position if the sum of both events’ energies
was above 500 keV. If the sum of both events’ energies was below 500 keV, the lower-
energy event was used to determine the first interaction position. If the segment
multiplicity was three or greater, the highest-energy segment event was assumed to

be the first interaction position.

Energy and efficiency calibrations

In order to accurately determine the energy of an unknown gamma ray emitted from

the de-excitation of a nucleus, the gamma-ray detectors must be calibrated with
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standard sources of known gamma-ray energies. The gamma-ray energy calibration of
the SeGA detector was carried out with ®?Eu and 5¢Co gamma-ray sources, chosen
for their many strong gamma rays covering energies between 122 and 3541 keV.
Data werecollected with each source placed at the target position for one hour, and
then for each detector each gamma-ray peak was fit with a Gaussian peak shape
plus a quadratic background. Spectra for the central contact were analyzed for each
detector versus spectra for the individual segments. Experimental information from
the detector segments was used only to assign the interaction position. A plot of fit
centroid versus actual gamma-ray energy was created for each detector and fit with
a second-order polynomial. Calibrated ?Eu and **Co gamma-ray spectra were then
created and examined to check the energy calibrations.

The detector material does not cover the entire space surrounding the Coulomb
excitation target, thus not all gamma rays emitted by the projectile and target are
detected. To determine the energy of a gamma ray emitted as a result of Coulomb
excitation, the number of gamma rays detected is sufficient. As we are also interested
in the Coulomb excitation cross section, we must determine the number of gamma
rays emitted. Thus we must measure the efficiency, or fraction of the detected gamma
rays to the total number of gamma rays emitted, for the detector array. Division of
the number of gamma rays detected by the efficiency results in the number of gamma
rays emitted.

Unlike the energy calibration, which was performed for each individual detector,
the efficiency calibration was performed for each ring of SeGA. The total efficiency of
a detector array includes contributions from the efficiency of the detector material,
solid angle covered by the detector array, angular distributions of emitted gamma rays
due to the reaction mechanism and Lorentz boost, and absorption of gamma rays in
the target material. The efficiency for each ring of SeGA detectors must be determined
separately due to the difference in angular distributions and target absorption factors.

The efficiency calibration was performed with three standard calibration sources,
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152Ky, %6Co, and a mixed source containing 3°Ce, 113Sn, and '3"Cs. While many more
gamma rays were detected from the calibration sources, 18 gamma rays were used
for the efficiency calibration, covering energies from 165 to 3451 keV. Each source
was placed at the target position in the center of SeGA. Data were acquired for two
hours for the »Eu and mixed sources, and one hour for the 6Co source. A summed
gamma-ray energy spectrum was created for each of the SeGA rings. For each ring of
detectors, each of the 18 gamma-ray photopeaks was then fit to determine the number
of counts in the photopeak for each energy. Unlike the Gaussian peak shape used for
the energy calibration, the fits to the photopeaks for the efficiency calibration used a
Gaussian plus a skewed Gaussian. There was an significant change in the photopeak
shape with increasing energy, with a low-energy tail becoming more apparent with
increasing photopeak energy (see Figure 3.5). While this didn’t affect the energy
calibration, an efficiency calibration requires a more accurate determination of the
area under the photopeak. A skewed Gaussian was thus added to the photopeak shape
to determine the area more accurately. The method used to fit the source photopeaks
for the efficiency calibration is discussed in Appendix A. Using the known activity
for each standard source and thus the total number of gamma rays emitted, a curve
of efficiency versus energy was created for both SeGA rings. This measured efficiency
was then compared against the simulated efficiency to determine the scaling factor
necessary to adjust the simulated efficiency to the measured value.

The total efficiency was then calculated from the simulated efficiency, scaling
factor, calculated angular distributions, and target absorption. Details of the efficiency
calculation are discussed in Appendix B. Total efficiencies for the five nuclei studied

are listed in Table 3.2.

Simulations

In order to extract the information of interest — energy of the emitted gamma ray

and number of de-excitation gamma rays — a good fit to the experimental gamma-ray
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Figure 3.5: Efficiency calibration spectra for the 661.6 keV peak of 37Cs and the
2598.5 keV peak of *®Co. The data are plotted in black, with the Gaussian fit com-
ponent (red), skewed Gaussian (green) and quadratic background (blue) overlayed.
There is an increase in the contribution from the skewed Gaussian in the photopeak
as the peak energy increases.

spectrum is necessary. As described in Section 2.3.3, while the photopeak of a gamma
ray is correctly transformed to the projectile frame as a result of Doppler reconstruc-
tion, other features of the gamma-ray spectrum are smeared after the correction. Thus
GEANT simulations were performed for each observed gamma-ray energy and used
to fit the experimental spectrum. A Monte Carlo simulation was performed for ten
million incident gamma rays at a given energy, isotropically emitted in the projectile
frame and Lorentz boosted with the correct beam velocity. The events were then used

by the GEANT code to simulate the energy deposited in the detectors. The simu-

lated efficiency using the GEANT code was adjusted in the final analysis to match
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Table 3.2: Total SeGA efficiencies (e;;) for the photopeaks of the five nuclei stud-
ied. The gamma-ray energies listed are those measured as a result of the present
intermediate-energy Coulomb experiment. The sum total efficiency €, (sum) is equal
t0 €10t(37°) + €10¢(90°).

Nucleus E, (keV) €u(37°) (%) €a(90°) (%)  €or(sum) (%)
Fe  849.0(5) 1.62(12) 1.15(4) 2.77(17)
INi 1396(5) 1.18(9) 0.84(7) 2.02(16)
®Ni  2879(10)  0.84(11) 0.51(6) 1.35(16)
Ni  2695(7) 0.91(12) 0.58(6) 1.49(18)
8Ni  1453(2) 1.45(12) 0.95(7) 2.40(18)

the measured efficiency (see Appendix B). The simulated histograms were fit with
analytical curves to determine the area under the simulated photopeak, and thus the
simulated efficiency. The analytical curves were then fit to the experimental spectrum.
An example of the energy spectra created by GEANT for ten million incident gamma

rays at 1454.28 keV is shown in Figure 3.6.

3.3 The test case *’Fe

The N = Z = 26 nucleus °Fe was present in the Ni cocktail beam at a greater
intensity than the ®*Ni beam of interest. The energy of the first excited state of 52Fe
(J™ = 27) is well known to be 849.44(10) keV [87]. As over 91 hours of data acquisition
time were devoted to ®*Ni, a large number of gamma rays in coincidence with 52Fe
were detected, providing a good test case for the method used to assign gamma-ray
energies. The half-life of the J™ = 2% excited state is not well known, however, with
only an adopted lower limit of 0.7 ps [88], and an unknown transition probability
B(E2 1). Thus 52Fe was used as a test for our method of gamma-ray analysis, while
the more extensively studied ®Ni nucleus was used to test the extraction of B(E2 1)

reduced transition probabilities.
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Figure 3.6: Simulated gamma-ray spectra for the 1454.28(10) keV (2t — 07) de-
excitation gamma ray of ®Ni. 10 million isotropically-emitted gamma rays (8 = 0.36)
were simulated and detected by the GEANT program [57] in the two rings of SeGA.
The laboratory-frame spectra are shown in (a) and (b), while the projectile-frame
spectra with fit components (grey) overlayed are shown in (c) and (d). The plotted
sum of the fit components is directly on top of the data points.

3.3.1 Analysis of the gamma-ray spectrum

With the unambiguous identification of *?Fe nuclei in the S800 focal plane (Fig-
ure 3.3), the coincident gamma-ray spectra shown in Figure 3.7 were generated. A
strong photopeak at approximately 850 keV is apparent in the projectile-frame spec-
tra shown in the left panels of Figure 3.7. This gamma ray corresponds to the de-
excitation from the J™ = 2% first excited state to the J™ = 07 ground state of 52Fe.
In the laboratory-frame spectra, the 850 keV gamma rays become noticeably broader
as a result of the Doppler shift to different energies in the 37° (1072 keV) and 90°
(~807 keV) rings of SeGA. As the target and projectile nuclei can both be excited as

a result of their interaction, the 547.5 keV gamma ray from the de-excitation from the
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Figure 3.7: Gamma-ray spectra in coincidence with 52Fe particles at the S800 focal
plane. The transitions corresponding to de-excitation of the °"Au target and 5%Fe
projectiles are indicated.

J™ = 7/2% excited state to the J™ = 3/2T ground state of the 197 Au target nuclei [89]
can be seen as a narrow line in the laboratory-frame spectra. In the projectile-frame
spectra, the 547 keV gamma ray broadens and shifts to approximately 433 keV in the
37° and approximately 575 keV in the 90° ring. Due to the loss of projectile velocity
in the target (AS ~ 0.05), the 849 keV gamma ray associated with ®2Fe is not as
narrow in the projectile frame as the 547 keV gamma ray associated with *"Au is in
the laboratory frame. One can also see three distinct gamma rays between 1000 and
1500 keV in the laboratory-frame spectra. These are background gamma rays at 1173
and 1332 keV from the decay of °Co and 1408 keV from the decay of “°K. The source
of the %°Co gamma rays was a gate valve located just downstream from the SeGA

detectors, causing more contamination in the closer 37° ring. The 4°K contamination
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Figure 3.8: Doppler-corrected gamma-ray spectra in coincidence with ?Fe, with fits
overlayed. The solid black lines are the total fits to each spectrum, which contain
the sum of the simulated response functions (grey lines) and quadratic backgrounds
(dashed lines). The gamma-ray energies determined as a result of the fits are 849.0(6)
and 849.2(8) keV for the 37° and 90° rings, for a weighted average of 849.1(5) keV.
originated in the walls of the experimental area, affecting both rings equally.

After the projectile-frame spectra were generated, they were fit using the pro-
cedure outlined in Section 3.2.3. Simulated projectile-frame spectra were fit with
appropriate lineshapes, sums of the individual fit components used to fit the spectra
as shown in Figure 3.6. The simulated lineshapes were subsequently scaled to fit to
the experimental spectra on top of a quadratic background. For 3’Fe, the fitting pro-
cedure was performed separately for the two SeGA rings. During the fitting process,
the centroid of the lineshape and amount of scaling were varied but the width of the
simulated lineshape was fixed. Together with the centroid and area of the simulated

photopeak determined from the fit to the simulated spectrum, the shift and scaling of

the simulation to the data allowed for a determination of the measured centroid and
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Table 3.3: Beam parameters for Coulomb excitation cross section calculations. The
maximum laboratory scattering angle 6;7+* and minimum impact parameter b,,;,, were
calculated for at least d = bmin, — (Ttar + Tpro) > 2 fm, but not exceeding the S800
acceptance of £3.5°. The number of beam particles tabulated were measured with no
scattering angle restriction.

Secondary Total beam !°7Au target gmaz bin  d
beam particles (mg/cm?)  (degrees) (fm) (fm)
52Fe 324752400 257.7 3.5 16.7 4.7
*Ni 21360600 257.7 3.5 16.2 4.2
S\ 144208800 257.7 3.1 14.1 2.3
56N 256621500 184.1 2.9 14.3 24
58Nji 115877700 184.1 3.2 139 2.0

area of the photopeak. Figure 3.8 shows the fit components and total fit overlayed on
the projectile-frame spectra in coincidence with °2Fe nuclei. The weighted average of
the centroids for the two rings was 849.1(5) keV, in good agreement with the accepted
value of E, = 849.43(10) keV [87] for the de-excitation of the first excited state of

52Fe

3.3.2 Excitation cross section and B(E2;0" — 2%)

The excitation cross section was determined using Equation 3.27. The number of
gamma rays detected (N,) was equal to the sum of the area of the two photopeaks
from the fits shown in Figure 3.8. The total efficiency (€;;) was the sum of the
efficiencies for the two rings, as listed in the last column of Table 3.2. The number
of beam particles (Npearn) and target thickness p are listed in Table 3.3. The total
measured cross section (Oyota1) With these parameters was 243(22) mb. The error on
Ototal includes contributions from the statistical error on IV, and Npegrm, error on the
measurement of the "Au target thickness p, and the error on €. The error on
Npearn Was less than 1% for all nuclei studied, and the error on p was less than 0.5%
for both Au targets. The statistical error on the number of detected gamma rays
ranged from 2.4% for the large photopeak in coincidence with 52Fe nuclei to 12.5%

for the low statistics of 3Ni. The error on the total efficiency was between 6% and
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Figure 3.9: B(E2 1) versus laboratory scattering angles for %2Fe. All B(E2 1) were cal-
culated for ocg = 172(21) mb. The corresponding distance between touching spheres
(d=Dbmin-(rtar+Tpro)) is shown across the top of the figure. The range of uncertainty
on the chosen 6]77® of 3.5° is indicated by the dashed lines.

12%, depending on the energy of the de-excitation gamma ray. The calibration sources
used to determine the measured efficiency had greater statistics at energies less than
1500 keV, leading to a smaller error on the total efficiency at lower energies. The
lower gamma-ray energies measured for *?Fe and 54%8Ni had the lowest error on €,
while the larger errors on ¢, affected the results for ®5-°¢Ni.

As discussed in Section 3.1.1, the cross section for Coulomb excitation must include
only collisions where the minimum impact parameter b,,,;, is greater than 2 fm plus the
sum of the projectile and target nuclei. The total cross section oy, just determined
for the excitation of 2Fe nuclei had no scattering angle restriction, and is thus not the
Coulomb excitation cross section that can be used to determine reduced transition
probability. The gamma ray spectrum used to determine oy, Was created for all
52Fe nuclei satisfying the particle identification gates discussed in Section 3.2.2, with
no additional restriction on the laboratory scattering angle. Listed in Table 3.3 are
the maximum scattering angles 6;77® for all nuclei studied. The S800 spectrograph

has acceptances of +3.5° in the dispersive direction and +5° in the non-dispersive

direction. The 6]74* were calculated for an impact parameter of at least 2 fm plus
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the sum of the nuclear radii, not exceeding the maximum acceptance of the S800
spectrograph in the dispersive direction. To calculate the Coulomb excitation cross
section ocg for 2Fe, a cut at 6,4 = 3.5° was placed on the laboratory scattering
angle. This corresponds to a b,,;, of 16.7 fm, or a distance of 4.7 fm above the
sum of the nuclear radii. The laboratory scattering angle is reconstructed from the
position of the nuclei measured in the CRDCs of the S800 focal plane as described in
Section 2.3.2. The restriction on scattering angle affects both the number of gamma
rays and beam particles detected. With a maximum scattering angle of 3.5°, the ocg
for ®2Fe was measured to be 172(21) mb. The error on o¢g includes an additional error
of approximately 3% due to the uncertainty in 6,4,. The error on the reconstructed
laboratory-frame scattering angle is 2 mrad FWHM (£0.05°) [54]. An additional error
corresponding to the percentage difference in ocg for 67y — 0.05° and 6;74* + 0.05°
was added to the total errors on the measured ocg, B(E2 1), and Tj/2. Measured 52Fe
B(E2 1) values for a range of scattering angles around 3.5° is shown in Figure 3.9.
The ocg for 6]4* = 3.5° was used to calculate the B(E2 ). As the ground state
spin and parity for 52Fe is 0" and the excited state populated in the experiment has
a spin and parity of 2, according to the angular momentum and parity selection
rules for electromagnetic transitions (Equations 3.30 and 3.31) the only transition
allowed between the levels is of electric parity and angular momentum A = 2. Thus the
measured excitation cross section corresponds to a B(E2;0" — 27) reduced transition
probability of 817(102) e’fm*, and a Ty for the 2% excited state of 7.8(10) ps. These
results, along with the measured cross sections, B(E2 1) values and half-lives for all
nuclei are listed in Table 3.4.

While a 073 of 3.5° was chosen to assure at least 2 fm between the two nuclear
radii, it is possible that nuclear excitations may still contribute to the cross section.
A calculation for the interaction of 52Fe on 1%7Au with the Coulomb interaction only,
and another with both Coulomb and nuclear interactions allowed was performed [90]

using the ECIS88 coupled-channels code [91]. The calculation was performed using
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Table 3.4: Gamma-ray energies, cross sections, B(E271) values and half-lives from
Coulomb excitation measurements. Two possibilities for the unknown J™ of the ®*Ni
excited state are tabulated assuming pure E2 excitation with error adjusted for M1
mixing.

Nucleus J7,  JZ E, (keV) o (mb) B(E2t) (e*fm*) Ty /o

exc

52Fe 0F 2T 849.1(5) 172(21) 817(102) 7.8(10) ps
54Ni 0+ 2T 1396(5) 134(36) 626(169) 0.8(2) ps
Ni  7/27 11/2— 2879(10) 57(16) 251(69) 57(16) fs
9/2- 58(16) 257(7%3 55(330) fs
56N 0t 2t 2695(7) 107(26) 494(119) 40(10) fs
58N 0+ 2t 1453(2) 175(36) 707(145) 612(126) fs
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Figure 3.10: ECIS calculation for ®?Fe at 56.9 MeV /nucleon. Shown are the excitation
cross sections as a function of center-of-mass scattering angle for Coulomb excitation
only and Coulomb plus nuclear excitation. Parameters from “°Ar scattering on 2°6Pb
at 41 MeV /nucleon were used in the calculation [92]. The difference between the two
curves sets an upper limit of 6% on the nuclear contribution to the cross section.

parameters from “°Ar scattering on 2°®Pb [92]. The angular distributions for the
excitation cross sections calculated by the ECIS program are shown in Figure 3.10.

The difference between the two curves sets an upper limit of 6% on the nuclear

contribution to the excitation cross section.
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Figure 3.11: Measured cross section versus laboratory scattering angle (top) and min-
imum impact parameter (bottom) for 52Fe nuclei. For each software cut on laboratory
scattering angle, the corresponding gamma-ray spectra and particle spectra were an-
alyzed to yield cross sections. The cross sections measured for 4° and 5° may be low
due to the loss of acceptance at 3.5° in the dispersive direction.

3.3.3 CRDC scaling method

While a cut on the appropriate scattering angle to ensure the dominance of Coulomb
excitation in the measured cross section was possible for 52Fe, it was not possible for
several of the secondary beams studied in this series of experiments. The scattering
angle reconstruction depends on the measurement of position at the S800 focal plane
in the CRDC detectors. Due to the high beam rate for beams of A ~ 56 in this
experiment, the efficiency for the CRDC detectors varied from less than 50% for

the degraded primary beam of ®®Ni to over 90% for the nuclei in the ®Ni cocktail

81



beam. For the ?%556Ni nuclei with few coincident gamma rays, a cut on scattering
angle created difficulty in fitting the gamma-ray spectrum and thus determining an
excitation cross section. For 52Fe and *®Ni secondary beams, the number of detected
gamma rays was sufficient to determine ocg directly with a cut on scattering angle.
Thus a method of scaling the measured cross section using the dependence of the 52Fe
cross section on laboratory scattering angle was developed to determine the Coulomb
excitation cross section for the nuclei for which no scattering angle restriction was
possible. This “CRDC scaling method” is discussed below.

Cumulative cuts on ;7;° in steps of 1 degree from 1 to 5 degrees were created
for the 52Fe particles. The 0% gates were then applied to the particle identifica-

maxr

tion and gamma-ray spectra. Npeam and N, were determined at each 6;7;°, and cross
sections were calculated. The cross section for each 7% (and associated bn) is
shown in Figure 3.11. The cross section with no scattering angle restriction was
Ototal = 243(22) mb. The last cut on 0]%#* was 5°, as this is the limit of the S800
acceptance in the non-dispersive direction. The limit of the S800 acceptance in the
dispersive direction is 3.5°, thus the cross sections measured between 3.5° and 5°
may be unreliable. As shown in Table 3.3, the maximum scattering angles for all
nuclei studied were between 2.9° and 3.5°. A second-order polynomial was fit to the
points between 2° and 3.5° to allow for interpolation. The cross section measured for

mi® = 1° was not used for interpolation due to its low number of coincident gamma
rays and thus large percentage error. Using the second-order polynomial, the ®2Fe cross
section was calculated for each maximum scattering angle o (6]23*) listed in Table 3.3.
A cross section scaling factor Sy for each 6]4* was determined as Sp = o (0]29%) / Ototal
using the total cross section for *?Fe. Once cross sections with no scattering angle
restriction were determined for 4°%56Ni, multiplication by the appropriate Sy gave
the Coulomb excitation cross section ocg. As the accuracy of ocg determined using

this “CRDC scaling” method depends on the accuracy to which the 52Fe cross section

is measured, an additional percentage error was added to the ocg, B(F2 1), and half-
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lives measured for 545%%Ni. The percentage error on the %2Fe 0, of approximately
3%, which excludes the uncertainties on the SeGA efficiency and 6., was included

for all nuclei measured using the CRDC scaling method.

3.4 The B(E21) test case **Ni

The degraded primary beam of %¥Ni was measured as a test for our method of extract-
ing reduced transition probabilities and half-lives of the excited states. The energy
of the first excited (J™ = 27) state of *®Ni is 1454.0(1) keV, with a de-excitation
gamma ray of E, = 1454.28(10) keV [93]. The adopted T}, for %®Ni is 667(28) fs,
an unweighted average [93] of 740(40) fs from inelastic electron scattering B(E2 1)
measurements, 609(15) fs from Coulomb excitation B(E2 1) measurements, 680(60) fs
from inelastic photon scattering, and 638(749) fs from inelastic proton scattering. The
adopted B(E2 1) for 58Ni is 695(20) e*fm* from an average of several experimental
methods [3]. The adopted B(E2 1) from Coulomb excitation measurements only is

708(18) e*fm*, with a corresponding T}/, of 609(15) fs [93].
/

3.4.1 Analysis of the gamma-ray spectrum

The gamma rays in coincidence with all 8Ni particles satisfying the particle identi-
fication gates are shown in Figure 3.12. The ®®Ni-coincident spectra shown are the
sum of both rings of SeGA detectors. A photopeak with an energy of approximately
1450 keV can be seen in the projectile-frame spectrum, while in the laboratory-frame
spectrum the Doppler broadening renders the 1450 keV photopeak impossible to
distinguish from the background. This 1450 keV gamma ray is emitted from the
(2 — 0T) de-excitation of ®Ni. As was the case for 5*Fe, a gamma ray correspond-
ing to the de-excitation of the " Au target nuclei is apparent in the laboratory frame,
and Doppler shifts to two different energies in the summed projectile-frame spectrum.

The %°Co and “°K contamination gamma, rays are again apparent in the laboratory-
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Figure 3.12: Gamma rays in coincidence with *®Ni particles detected at the S800
spectrograph focal plane. Spectra shown are the sum of both SeGA rings. The spectra
in black were created with a software gate on the beam-related peak in the time
spectrum, while the spectra in grey were created with a software cut of equal time
above the beam-related peak.

frame gamma-ray spectrum. The gamma rays from the decay of %°Co and *°K did not
interfere with the calculation of N, for ®?Fe, as the energies of the Doppler-shifted
contamination gamma rays were not close to the 849 keV gamma-ray energy from
projectile de-excitation. For the *®Ni case, however, the 1332 keV gamma ray from
the decay of °°Co was Doppler shifted to 1428 keV in the 90° ring projectile-frame
spectrum. The resolution of the 1454 keV gamma rays was such that background
contamination at 1428 keV could affect the area under the de-excitation photopeak
and thus the experimental cross section. One solution to eliminate the background
contamination was to use only the detectors of the 37° ring for data analysis. A larger

number of detected photopeak gamma rays provided for a more accurate cross sec-

tion measurement, however, so it was decided to subtract the stationary gamma-ray
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Figure 3.13: A typical ¥ Ni-coincident time spectrum for one SeGA detector is shown
in (a). A peak corresponding to beam-related gamma rays is apparent at approxi-
mately 200 ns. Panel (b) is the projectile-frame gamma-ray spectrum with Gate 1
applied, and (c) is the gamma-ray spectrum with Gate 2 applied.

background from the beam-related gamma rays to eliminate the ®*Co contamination.
The background-subtracted gamma-ray spectra was then analyzed to determine the
number of gamma rays in the 1450 keV photopeak.

The background subtraction was performed by placing two software gates on the
time spectra for the SeGA detectors. An example of a time spectrum gated on 38Ni for
one SeGA detector is shown in Figure 3.13(a). A peak at approximately 200 ns is visi-
ble, which corresponds to the gamma rays emitted from the secondary beam’s interac-
tion with the " Au target. These beam-related gamma rays include the gamma rays
from the de-excitation of the projectile and the target, as well as beam-related back-

ground gamma rays from the fragmentation of the projectile, beam interaction with
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experimental apparatus, etc. The counts in the time spectrum below 160 ns and above
260 ns correspond to “stationary” background gamma rays such as those emitted from
60Co and °K decay. A gate (Gate 1) was placed around the beam-related peak in
all operational detectors for all secondary beams. All particle-coincident gamma-ray
spectra include a time gate on the beam-related peak in all SeGA detectors as well
as the particle identification gates on the particles of interest. While the time gate
around the beam-related time peak eliminates much of the stationary background
from the coincident gamma-ray spectra, some stationary background gamma rays
are still present. To eliminate the remaining stationary background gamma rays in
the ®®Ni gamma-ray spectra, a second time gate was created (Gate 2) for an equal
length of time above the beam-related time gate. The gamma-ray spectrum in coin-
cidence with Gates 1 and 2 are shown in Figures 3.13(b) and (c), respectively. The
de-excitation gamma rays from 58Ni and 'TAu are present in the spectrum with
Gate 1 applied, but absent from the spectrum with Gate 2 applied. By analyzing the
gamma-ray spectrum created by subtracting the stationary background gamma-ray
spectrum from the beam-related gamma-ray spectrum, it was possible to determine
the number of gamma rays in the 8Ni de-excitation photopeak with no contamina-
tion from the stationary %°Co background gamma rays. In Figure 3.12, the gamma-ray
spectra with the stationary background time cut applied are shown in grey, while the
gamma-ray spectra with the beam-related time cut applied are shown in black. The
background-subtracted gamma-ray spectra are shown in Figure 3.14.

The background-subtracted projectile-frame spectra for the 37° and 90° rings of
SeGA were fit using the same procedure as for >’ Fe, as enough coincident gamma
rays were detected to analyze the rings separately. The simulated peak shapes were
shifted and scaled to fit the data including a quadratic background. The quadratic
background is necessary because of the presence of the beam-related background due
to interactions of the beam particles with experimental apparatus and de-excitation

of contaminant nuclei, which was not subtracted out in the procedure just described.
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Figure 3.14: Gamma-ray spectra resulting from the subtraction of the stationary-
background gamma-ray spectrum from the beam-related gamma-ray spectrum. Spec-
tra were in coincidence with all 58Ni particles detected at the S800 focal plane. The
8Ni de-excitation gamma-ray peak is apparent in the top (projectile frame) panel,
while the de-excitation gamma ray from °"Au is apparent in the bottom (laboratory
frame) panel.

The gamma-ray spectra for the 37° and 90° rings with fits overlayed are shown in
Figure 3.15. As a result of the fits, an energy of the 5Ni (2T — 07) de-excitation

gamma ray of 1453(2) keV was determined, in agreement with the accepted value of

1454.28(10) keV.

3.4.2 Excitation cross section and B(E2;0" — 27)

The gamma-ray spectra in Figure 3.15 do not have any restriction on laboratory
scattering angle. With V., as determined from Figure 3.15 and Npeam and p as listed
in Table 3.3, a total cross section oioa of 273(35) mb was measured. The number

of detected gamma rays was sufficient to make a cut at 67y = 3.2°, resulting in a
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Figure 3.15: Fits of the simulated gamma rays to the projectile-frame gamma-ray
spectra in coincidence with ®®Ni particles. The solid black lines are the total fits to
each spectrum, which contain the sum of the simulated response functions (grey lines)
and quadratic backgrounds (dashed lines). The gamma-ray energies determined as a
result of the fits are 1448(3) and 1456(2) keV for the 37° and 90° rings, for a weighted
average of 1453(2) keV.

Coulomb excitation cross section ocg of 175(36) mb. This Coulomb excitation cross
section corresponds to a B(E2 1) of 707(145) e*fm* and a T}, of 612(126) fs. The
measured B(E2 1) and T} are in agreement with the adopted values of 695(20) e*fm*
and 667(28) fs. More importantly, the measured B(E2 1) is in good agreement with
the average of all measurements from Coulomb excitation of 708(18) e*fm*.

As a check of the CRDC scaling method presented in Section 3.3.3, ocg for 8Ni
was calculated using this method. A CRDC scaling factor of Sy = 0.66 was determined
for §79® = 3.2° and multiplied by the total cross section of 273(35) mb. This resulted

in a ocg of 180(34) mb, corresponding to a B(FE2 1) of 728(137) e*fm*. The excitation
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cross section and B(E2 1) determined using the CRDC scaling method are in good
agreement with those determined with the 3.2° cut on the scattering angle. The error
on the B(E2 1) measured using the CRDC cut is larger than that measured with the
CRDC scaling method due to the low intensity of the gamma rays in the photopeak
with the CRDC cut applied. With the good agreement between the measured o¢g in
the two methods, the CRDC scaling method was used to determine the cross sections

and B(E2 1) values for the other Ni isotopes.

3.5 The structure of °°Ni

The energy of the first excited state (J™ = 2%, E, = 2700.6(7) keV) of *’Ni is well
known [7], as discussed in Section 2.4.2. Several previous measurements exist for the
reduced transition probability to the 2% first excited state. The Doppler-shift atten-
uation method (DSAM) was used to measure a B(E2 1) of 385(160) e*fm* [8]. More
recently, 600(120) e?’fm* was measured via inelastic proton scattering (p, p’) [10], and
580(70) e?’fm* was measured in an intermediate-energy Coulomb excitation experi-
ment [11]. A shell-model calculation predicted a B(E2 1) of approximately 400 e?fm*
[9], which agreed well with the previously-measured value of 385(160) e*fm* from the
Doppler-shift attenuation method. The subsequent (p,p’) and Coulomb excitation
measurements of larger transition probabilities [10,11] were surprising, and indicated
a possible change in the behavior of the radioactive doubly-magic 5Ni nucleus as com-
pared to stable doubly-magic nuclei. Theoretical interest in the region subsequently
increased, with multiple theoretical predictions for the B(E2;0T — 21) transition

probabilities [94-96].

3.5.1 Analysis of the gamma-ray spectrum

The gamma-ray spectra in coincidence with all *Ni particles identified at the S800

focal plane are shown in Figure 3.16. Spectra with both the beam-related time cut and
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Figure 3.16: Gamma rays in coincidence with °°Ni particles detected at the S800
spectrograph focal plane. Spectra shown are the sum of all SeGA detectors. The
gamma rays from the de-excitation of the 2* excited state of °*Ni and the 7/2% excited
state of T Au are indicated. The spectra in black were created with a software gate on
the beam-related peak in the time spectrum, while the spectra in grey were created
with a software cut of equal time on the stationary background gamma rays.
stationary background time cuts are displayed, although no background subtraction
was necessary for the ®Ni gamma-ray analysis as the Ni de-excitation gamma, ray
was not contaminated. A gamma ray at approximately 2700 keV corresponding to
the de-excitation of the 27 excited state of Ni is apparent in the projectile-frame
spectrum with the beam-related time cut. Although the contamination gamma rays
from %°Co and “°K are apparent in the laboratory-frame gamma-ray spectra, the
high-energy *’Ni de-excitation gamma ray was not affected.

The method used to fit the projectile-frame gamma-ray spectrum differed from

that used for °2Fe and 58Ni due to the lower statistics and higher energy for the 5Ni

de-excitation gamma ray. Due to the lower statistics for the 2700 keV gamma ray,

90



T T T T T T ]
250 Ey=2695(7) keV -
—~ 56Ni ]
> r ]
2 2005 p=0.40 -
< 150[ .
2 |
S 100} .
8 r
50| 5

oL , | ‘ \ ‘ | N\ e
1000 1500 2000 2500 3000 3500 4000
Energy (keV)

Figure 3.17: The projectile-frame gamma-ray spectrum in coincidence with 56Ni par-
ticles with fits overlayed. The spectrum is the sum of both SeGA rings. The solid
black line is the total fit containing the sum of the simulated response functions for
the individual rings. The solid (dashed) grey lines indicate the contributions from the
37° (90°) rings. The double-exponential background is indicated by the dot-dashed
line.

the sum spectrum was fit with the lineshapes from the simulated 37° and 90° rings
simultaneously. A double-exponential background was used to model the gamma-ray
background at higher energies. One exponential described the background below the
2700 keV photopeak, while a second described the gamma-ray background at energies
above 2700 keV. The subsequent fit to the 3*Ni-coincident projectile-frame spectrum
is shown in Figure 3.17. The centroids of the fits for the 37° and 90° rings of SeGA
were 2697(13) and 2694(9) keV, respectively. The weighted average of 2695(7) keV is

in agreement with the adopted value of 2701 keV [7].

3.5.2 Excitation cross section and B(E2;0" — 27)

The method of CRDC scaling was used to determine the Coulomb excitation cross
section and B(E2 1) for *Ni. The number of detected gamma rays was determined
from the fit shown in Figure 3.17, and resulted in a oyota of 178(31) mb with Npeam
and p from Table 3.3. A scaling factor of Sy = 0.60 was calculated for a 677" of 2.9°,
and multiplied by the total cross section for a result of ocg = 107(26) mb. With this

Coulomb excitation cross section ocg, a measured B(E2 1) of 494(119) e?*fm* and
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corresponding 77/, of 40(10) fs were determined.

3.6 The structure of *°Ni

The nucleus ®°Ni has not been as extensively studied as ?Fe and %°®Ni. A spin
and parity of 7/2~ for the ground state was determined from the measured S-decay
strength to °Co [97,98]. Particle spectroscopy of the nucleus has identified 20 low-
lying levels (including one at 2888(7) keV), but could not assign spins and parities [99].
A more recent experiment using GAMMASPHERE identified four gamma rays from
the de-excitation of 5°Ni, including one with an energy of 2882 keV which led to the
tentative assignment of an excited state at the same energy [100]. A spin and parity
of 11/2~ for the 2882 keV excited state was tentatively assigned from the angular
distribution of the gamma rays. Symmetry of the observed 2882 keV level with that
of the 11/27 level in the ground-state band of the mirror nucleus **Co strengthens
the argument for the 11/2~ spin assignment [100,101]. No transition strengths have

been measured for *°Ni.

3.6.1 Analysis of the gamma-ray spectrum

The gamma-ray spectra in coincidence with all 5°Ni particles satisfying the particle
identification gates are shown in Figure 3.18. A gamma ray at approximately 2800 keV
is visible in the projectile-frame spectra. Due to the high energy and low intensity of
the gamma rays in the photopeak, the gamma-ray spectrum was fit using the same
method as for 5*Ni. The simulated peak shapes for the two rings were simultaneously
fit to the summed projectile-frame spectrum on top of a double-exponential back-
ground. The result of the fitting process is shown in Figure 3.19. Gamma-ray energies
of 2882(11) and 2868(22) keV were measured for the 37° and 90° rings of SeGA, re-
spectively. The weighted average of 2879(10) keV agrees with the 2882 keV gamma
ray measured in the high-spin GAMMASPHERE experiment [100].
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Figure 3.18: Gamma rays in coincidence with *°Ni particles detected at the S800
spectrograph focal plane. The gamma rays from the de-excitation of an excited state
of 35Ni are apparent in the top panel at approximately 2800 keV. The spectra in black
were created with a software gate on the beam-related peak in the time spectrum,
while the spectra in grey were created with a software cut of equal time on the
stationary background. Only the °”Au de-excitation gamma rays detected in the 90°
ring of SeGA can be seen in the top panel, as the gamma rays are Doppler shifted to
approximately 410 keV in the 37° ring.

3.6.2 Excitation cross section and B(E2;7/27 — 11/27)

As the spin and parity of the excited state de-populated by the 2879(10) keV gamma
ray is unknown, the analysis of the excitation cross section and transition probability
differs from that performed for the even-even nuclei previously discussed. It is probable
that the excited state at 2879(10) keV populated in the experiment has spin and
parity of 11/27, due to the angular momentum measurements and similarity to the
mirror nucleus previously stated. If the 2879(10) keV gamma ray measured in this

experiment is the result of a 11/2~ — 7/2~ transition, only an E2-type transition is
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Figure 3.19: The gamma-ray spectrum in coincidence with 5°Ni particles for the sum
of all SeGA detectors. The solid black line is the total fit which contains the sum of
the simulated response functions for the 37° (solid grey line) and 90° (dashed grey
line) rings. The double-exponential background is indicated by the dot-dashed line.

probable due to the angular momentum and parity selection rules for electromagnetic
transitions. Thus the calculation of excitation cross section and reduced transition
probability proceeds as for the previous even-even nuclei. A total cross section of
89(19) mb was calculated using N, determined from the fit in Figure 3.19 and the
Npeam and p listed in Table 3.3. Using the CRDC scaling method with a Sy = 0.64 for
g = 3.1° results in a o¢cg of 57(16) mb. The B(E2;7/2~ — 11/27) calculated from

this excitation cross section is 251(69) e*fm*, with a corresponding 7} /2 of 57(16) fs.

3.6.3 Excitation cross section and B(E2;7/2~ — 9/27)

If the 2879(10) keV gamma ray measured in this experiment is the result of a 9/27 —
7/2~ transition, both M1 and E2 transitions are most probable. The mixing of the
two types of transitions can occur both in the excitation and de-excitation processes.
The calculation of B(7A;7/2~ — 9/27) is dependent on the amount of each type of
transition contributing to the excitation to the 9/2~ state. In the excitation process,
the F2 multipolarity transition is expected to dominate. An upper limit of 4.9 mb
excitation cross section for pure M1 was calculated using the recommended upper

limits on M1 transition rates [102]. As the measured cross section after CRDC scaling
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was approximately 60 mb, at least 92% of the excitation cross section is of type E2.
The error on the measured B(E2;7/2~ — 9/27) was adjusted to account for up to
8% contribution from M1 excitation.

For the de-excitation process, the M1 transition is expected to dominate due to
the shorter lifetime, and thus higher transition rate, for M1 de-excitation. The amount
of each type of transition is important for the calculation of angular distributions,
and thus the calculation of measured total cross section. Using the recommended
upper limits on £2 and M1 transition rates [102], a maximum contribution of 29%
from E2 de-excitation transitions was calculated. Total cross sections calculated with
mixings of 29%, 0%, and 100% E2 de-excitation differed by less than 1%. An error
of 1% was added to the calculated cross sections and transition probabilities for the
7/27 — 9/2" transition to account for the possibility of error in the M1, E2 mixing.

The average of the three total cross sections with 29%, 0%, and 100% E2 de-
excitation was assumed for the total excitation cross section for the 7/2= — 9/2~
transition. The CRDC scaling method was used to determine a ocg of 58(16) mb
with Sp = 0.64 for 6737® = 3.1°. The reduced transition probability B(E2;7/2 —
9/27) was equal to 257(,73) e*fm*, with a corresponding Tj/» of 55(;}3) fs. This
represents less than a 2% difference in ocg and a 2.4% difference in B(E2 1) from

the 7/2= — 11/2~ transition.

3.7 The structure of **Ni

While the half-life of the 0T ground state of 3*Ni has been measured via 3-decay [103],
no excited states or gamma rays have been measured for this nucleus. The gamma-
ray spectra in coincidence with all ®*Ni particles satisfying the particle identification
gates are shown in Figure 3.20. A gamma ray at approximately 1400 keV is apparent
in the projectile-frame spectrum. Symmetry with the mirror nucleus **Fe, which has

an excited level of J™ = 27 at 1408 keV, indicates that the observed gamma ray is
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Figure 3.20: Gamma rays in coincidence with *4Ni particles detected at the S800
spectrograph focal plane. The spectra in black were created with a software gate on
the beam-related peak in the time spectrum, while the spectra in grey were created
with a software cut of equal time on the stationary background. A 5Ni de-excitation
gamma ray at approximately 1400 keV is apparent in the top (projectile-frame) panel.
The de-excitation gamma rays from the ®"Au target nuclei are indicated.

likely to de-excite a state with spin and parity 2*. Due to the similarity in gamma-ray
energy between the gamma ray observed for 5*Ni and that for ®®Ni, there was again
contamination in the 90° ring of SeGA due to the 1332 keV gamma ray emitted from
the decay of ®°Co. Thus the background-subtraction technique employed for ®Ni was
used for 34Ni, with the the background-subtracted spectrum for the sum of all SeGA
detectors used for the fit due to low statistics. The background-subtracted projectile-
frame spectrum with fits overlayed is shown in Figure 3.21. Due to the low statistics for
54Ni, the background subtraction process resulted in some bins with negative counts.

Ten counts were added to all channels in the histogram shown in Figure 3.21 to avoid

problems in the fit process due to negative bins in the data histogram. The fits to the
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Figure 3.21: The projectile-frame gamma-ray spectrum in coincidence with **Ni par-
ticles. The spectrum is the sum of both SeGA rings, with ten counts added to avoid
difficulties associated with negative channels. The solid black line is the total fit, con-
taining the sum of the simulated response functions for the 37° (solid grey line) and
90° (dashed grey line) rings. The quadratic background is indicated by the dot-dashed
line.

gamma-ray spectrum resulted in gamma-ray energies of 1397(6) and 1393(7) keV for
the 37° and 90° rings, for a weighted average of 1396(5) keV.

A total cross section of 189(40) mb was measured with N, determined using the
fits from Figure 3.21 and Npeg,, and p from Table 3.3. Although the CRDC efficiency
was approximately 90% for the secondary beam of 3Ni, the low statistics for the
detected gamma rays made it advantageous to use the CRDC scaling method to
determine the Coulomb excitation cross section. With an Sy of 0.74 calculated for
g = 4.1°, an excitation cross section of 134(36) mb was determined. If a spin and
parity for the excited state of J™ = 2% is assumed, only E2 excitation is possible
and a B(E2;0" — 2%) of 626(169) e*fm* results. The corresponding half-life for the
1396(5) keV excited state is 0.8(2) ps. This represents the first measurement of gamma

rays and transition strengths for the 5¥Ni nucleus.
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Figure 3.22: Systematic behavior of reduced transition probability B(E2 1) for the
even-even Fe and Ni isotopes. The top panel shows the systematics for Fe isotopes with
adopted values (filled circles) from [3] and the present measurement for 5?Fe (open
square). The middle panel shows the adopted B(E2 1) values for the previously-
measured Ni isotopes [3]. The lower panel shows the systematics for the known Ni
isotopes from A = 60 to A = 68 [3], with the measured B(E2 1) values from the
present work included for 5456-%8Nj.

3.8 Discussion

One of the accepted signatures of magic nuclei is a small B(E2 1) reduced transition
probability to the first excited (usually J™ = 2*) state. The transition probabilities for
doubly-magic nuclei are expected to be especially small. The B(E2 1) systematics for
the even-even isotopes of Fe [3] are shown in the top panel of Figure 3.22 with the data
point for 52Fe from the present work added. The isotope 3*Fe, with 26 protons and 28
neutrons, has the lowest B(E2 1) of the series of isotopes. As 28 neutrons completes

a closed shell, this result is expected. The measurement of B(E2 1) = 817(102) e*fm*
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Table 3.5: Theoretical and experimental B(E2 1) reduced transition probabilities.
Theoretical values were calculated by Honma and Brown [104] with the MSHELL
code [105] and GXPF1 interaction [96]. B(E2 1) values were calculated as described
in [106] with A, and A, the proton and neutron strength amplitudes. The values
in the (A) column were calculated with effective charges e, = 1.5¢ and e, = 0.5e,
and the values in the (B) column were calculated with effective charges e, = 1.3e
and e,, = 0.7e. The truncation was seven for 52°*Fe and 5%5°Ni and six for 56:57%8Nj.
Adopted values were taken from [3] for all but 5"Ni which was taken from [44].

B(E2 1) (e*fm*)
Nucleus JT J7 A, A, | Theory Theory Present Adopted

7

(A) (B) result value
>’Fe 0t 2t 1535 15.35| 942 942  817(102)
54Fe 0+ 2t 1463 7.13 | 651 576 620(50)

*4Ni 0t 2t 713 14.63 324 381 626(169)
%5Nji 7/2- 11/2— 19.38 13.23 159 148 251(69)

9/2” 257(373)
56Ni 0* 2t 13.17 13.17| 693 693  494(119) 600(120)
INi  3/20 7/20 1361 14.53 | 192 194 201(29)

8Ni 0t 2+ 948 16.87| 513 582 707(145)  695(20)

for 52Fe follows the trend as one moves away from a closed shell, as it is higher than
that for 5“Fe.

A shell-model calculation was performed by Honma and Brown for the nuclei
studied in the present experiment [104]. The results are summarized in Table 3.5.
The calculation was performed with the conventional shell-model code MSHELL [105]
with the GXFP1 interaction [96]. The transition strengths were calculated using

(epAp + €, A,)?
2J; +1

B(E21) = : (3.39)

where e, and e, are the total effective charges of the proton and neutron, and A4,
and A, are the proton and neutron strength amplitudes [106]. The calculations were
performed with two different sets of total effective charges. The column labeled (A)
in Table 3.5 lists the predictions for e, = 1.5e and e, = 0.5e, while column (B)
lists predictions for e, = 1.3e and e, = 0.7e. A truncation of seven particles excited

out of the fr/; orbit for ****Fe and *»%°Ni and six particles excited out of the f7/,
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orbit for ?°758Ni was chosen, as a calculation with the full pf shell would lead to
the diagonalization of Hamiltonian matrices with unrealistically large dimensions.
Comparison of the *?Fe and 5*Fe experimental B(E2 1) values with the theoretical
predictions show that the same trend is observed in both experiment and theory.
Theory, however, appears to over-predict the increase of the *Fe B(E2 1) from that
of *4Fe.

The adopted B(F2 1) values for the even-even Ni isotopes [3] are shown in the
middle panel of Figure 3.22, while in the bottom panel measurements from the present
work are included. All Ni isotopes have a magic number of 28 protons, so B(E2 1)
values for Ni isotopes should generally be lower than those for Fe isotopes with the
same mass number A. 5°Ni (IV = 28) and %Ni (IV = 40) also have magic numbers of
neutrons. Surprisingly, the transition probability for the N = Z = 28 doubly-magic
nucleus °®Ni is not as low as that for the N = 40, Z = 28 nucleus %Ni.

The doubly-magic nucleus *®Ni has been the subject of theoretical interest since
the measurement of B(E2 1) = 600(120) e*fm* via proton inelastic scattering [10].
The results of all experimental B(E2 1) measurements and several theoretical predic-
tions are summarized in Figure 3.23. A shell model calculation performed by Nakada,
Sebe and Otsuka assuming a closed shell structure for 56Ni predicts a B(E2 1) of ap-
proximately 400 e fm* [9]. A calculation with the Shell Model Monte Carlo method
and the KB3 interaction with effective charges e, = 1.35e and e, = 0.35e predicts
a B(E2 1) of 515(40) e*fm* [94]. The Monte Carlo Shell Model with the FPD6
interaction calculates 610 e’fm* [95]. The measured value from the present work of
494(119) e*fm* is in agreement with all calculations except the most recent by Honma
and Brown [104]. Comparison with the theoretical predictions in Table 3.5 indicates
that the GXPF1 interaction with either choice of total effective charges over-predicts
the measured value by a significant amount. The weighted average of all experimental
measurements gives B(E2 1) = 548(51) e?fm*, which is in agreement with the theo-

retical predictions of Langanke et al. [94] and Otsuka et al. [95].
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Figure 3.23: Experimental and theoretical B(E2;0T — 2%) results for Ni. The
weighted average of all experimental measurements is 548(51) e*fm*.

The measured B(E2 1) for either excited state spin and parity considered for
the 5Ni nucleus is higher than the prediction of Honma and Brown. Two possible
explanations for this discrepancy are immediately apparent. If the excited state has
spin and parity J™ = 9/27, there may be feeding from higher-lying states distorting
the measured transition probability. It is also possible that the measured 2879(10) keV
gamma ray could be a doublet of gamma rays very close in energy. The mirror nucleus
%5Co, with ground state spin and parity 7/27, has an excited state with J™ = 11/2~
at 2973.48(20) keV and another with J™ = 9/2~ at 2976.34(19) keV [101]. While a
spin of J = 7/2 has also been suggested for the higher-energy state, there is stronger
evidence for J™ = 9/27. If the gamma ray measured at 2879(10) keV is a doublet
with energies less than 5 keV apart, it would appear as one gamma ray with the
present experimental conditions, and the measured transition probability would be
inaccurate.

The measurement of B(E2 1) = 626(169) e*fm* for the first excited state of 54Ni

is significantly higher than those predicted by Honma and Brown (324-381 e*fm?)
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in the conventional shell model. The increase of B(E2 1) for 5‘Ni with respect to
%Ni is expected as the N = 28 neutron shell is no longer closed in **Ni. The second
prediction of the Honma and Brown calculation, that the B(E2 1) for Ni would be
lower than that for the Fe isotope with the same A, does not appear to be fulfilled. The
transition probability measured for >Ni is approximately equal to the adopted value
for 54Fe of 620(50) e*fm®. A similar B(E2 1) for the two nuclei could be expected,
as %Ni has a magic number of protons but not neutrons, while **Fe has a magic
number of neutrons but not protons. The large error on the B(E2 1) measurement
for %Ni resulting from the low number of detected gamma rays makes it difficult to
make any definite conclusions. Even at the lower limit of the present measurement’s
experimental error, however, the B(E2 1) is 20% above than the higher of the two

predictions for *Ni transition probability listed in Table 3.5.
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Chapter 4

Summary

Two experiments have been performed at the NSCL to study nuclear structure in
the N = Z = 28 region. The first, one-neutron knockout of >'Ni, studied the single-
particle structure of the ground state of 5"Ni as well as the excited state structure of
the 5°Ni fragments. The second experiment studied the transition probability to the
first excited state of 5455:56:58Ni and 52Fe via intermediate-energy Coulomb excitation.
The E2 transition strength to the first excited state of **Ni was measured in
1994 to be 600(120) e?fm* [10], in disagreement with a shell-model prediction of
400 e*fm* [9]. As a result, questions arose about the closed-shell nature at N = Z =
28. An experiment to measure the spectroscopic factors for the low-lying states of °"Ni
determined that no admixtures from collective %Ni excited states were present in the
wave functions of the ground and first two excited states of °"Ni [50]. To investigate
the nature of the N = Z = 28 shell closures further, experiments were performed to
study both the single-particle structure of 5’Ni and the E2 transition strengths to the
first excited state of ®**Ni and several neighboring neutron-deficient Ni isotopes.
One-neutron knockout of >’Ni was performed using the S800 spectrograph [52]
in conjunction with an array of Nal(Tl) detectors [53]. The %Ni fragments from
one-neutron knockout were identified in the spectrograph focal plane [54], while

de-excitation gamma rays in coincidence with ®’Ni fragments were detected in the
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NalI(Tl) array. The spectrograph also provided momentum reconstruction for the de-
tected fragments. Spectroscopic factors of C?S = 0.56(11) to the ground state and
C%S = 4.3(3) to all excited states were measured for the ground state of 5"Ni. These
factors exhaust only 56(11)% and 57(4)% of the theoretical predictions for the ground
state and all excited states of °Ni, respectively. This reduction in observed spectro-
scopic factors is comparable to those observed in knockout reactions for two other
well-bound nuclei, 0 and 2C [39]. The reduction of experimental measurements
of spectroscopic factors as compared to theory for 12C, O and °'Ni are all approx-
imately 50-60%. These reductions measured via nucleon-knockout experiments are
in agreement with reductions observed for nuclei from 2C to ?%®Pb in (e,€'p) ex-
periments [30]. Electron scattering experiments have been considered the standard
for measurements of absolute spectroscopic factors. Thus the reductions observed for
5"Ni may not be due to excitations of the 56Ni core, but due to experimental inability
to measure the short-range part of the nucleon-nucleon interaction. It was possible to
assign an angular momentum of = 1 to the distribution associated with 56Ni frag-
ments left in the ground state after neutron knockout. A definite angular momentum
assignment for the distribution associated with all excited states of the *Ni fragments
was not possible, though a lower limit of | = 3 was suggested. A %Ni excited state
was observed at 5661(72) keV, with de-excitation gamma rays of 1726(10) keV and
3027(71) keV. From the angular momentum selection rules, the possible spins and
parities for the 5661 keV state are J™ = 27,3", 4% and 5. This confirms an excited
state at 5668 keV observed in 1985 [59], and rejects the previous tentative angular
momentum assignment of J™ = 6F.

The intermediate-energy Coulomb excitation measurements were performed us-
ing the S800 spectrograph to identify the inelastically-scattered exotic nuclei of in-
terest. The MSU Segmented Germanium Array (SeGA) [65] was used to identify
de-excitation gamma rays from the exotic nuclei. A reduced transition probability

of B(E2 1) = 707(145) e*fm* to the first excited state of *®Ni was measured. This
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result is in good agreement with the adopted value of 695(20) e*fm*, confirming that
our method of extracting transition probabilities is accurate. A transition strength
of B(E2 1) = 817(102) e*fm* to the first excited state of 52Fe was measured for
the first time. This represents a significant increase over the transition probability
to the first excited state of ®*Fe, an expected result as 5*Fe has a magic number
of neutrons. The current measurement of the reduced transition probability for 55Ni
(B(E2 1) = 494(119) e*fm*?) is not as high as the previous measurements from proton
inelastic scattering and intermediate-energy Coulomb excitation experiments [10,11],
but agrees with both within experimental errors. A weighted average of 548(51) e*fm*
was determined for the three previous measurements [8,10,11] and the current mea-
surement of reduced transition probabilities to the first excited state of *Ni. This
value is in agreement with two theoretical predictions [94,95], but not with a predic-
tion that assumed a closed-shell structure similar to that for the stable isotopes [9].

A gamma ray at 2879(10) keV was observed in coincidence with 5°Ni particles. This
gamma ray was assumed to de-excite a previously-measured state at 2888(7) keV [99].
The spin and parity of the excited state is unknown, thus transition probabilities were
calculated for both J™ =9/2~ and J™ = 11/2~. The measured transition strengths to
the 2888(7) keV excited state with either spin and parity was significantly higher than
that calculated in the shell model using the GXFP1 interaction [104]. It is possible
that the de-excitation gamma ray measured in coincidence with *Ni could be an
unresolved doublet. If one gamma ray was indeed measured, a J™ = 9/2~ excited state
with feeding from unobserved higher states could also explain the higher measured
transition probability.

The energy of the first excited state of *Ni and the transition strength to that state
were measured for the first time. The energy, at 1396(5) keV, is in agreement with
the energy of the first excited state of the mirror nucleus **Fe. The reduced transition
probability to the 1396(5) keV state was measured to be 626(169) e*fm*, higher

than predicted by a shell-model calculation [104]. While the shell-model calculation
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predicted the transition probability for 3Ni to be lower than that for 6Ni, the opposite
trend was observed. This places the transition probabilities for the 3*Ni and 5‘Fe
mirror nuclei at approximately the same value. The increase of transition probability
for 54Ni with respect to 6Ni reinforces the doubly-magic status of the *Ni nucleus,
although the disagreement between shell-model predictions and measured reduced
transition probabilities for *Ni still casts doubt on the strength of the N = Z = 28

shell closure.
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Appendix A

Fit Method for Efficiency

Calibrations

A.1 Determination of fit parameters

An accurate measurement of the efficiency for a detectors requires a careful deter-
mination of the number of counts detected. For a measurement of efficiency for a
gamma-ray detector, the photopeak corresponding to each gamma-ray energy must
be fit with a peak shape that describes the photopeak as accurately as possible. Thus
the error on the number of counts detected and the measured efficiency is reduced.
In experiments with Nal(Tl) detector arrays a Gaussian peak shape was sufficient
to describe the photopeak. For the gamma rays detected in SeGA, a low-energy tail
was observed that increased in magnitude with gamma-ray energy (See Figure 3.5)

making it necessary to use a more complicated function to describe the photopeak.
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The functional form F based on the fit function used in the program GF3 [107]

F = G+S5

R 1 /z— 2z, 2
G = A(“m) eXP(‘i( ; ))
T — T, o

S = A(%) exp (%) erfc< o +\/§ﬁ) (A1)

provided a good description of the photopeaks. The total peak shape (F') includes

two components, a normal Gaussian (G) and a skewed Gaussian (S). The parameter
A is the height of the Gaussian, z, is the centroid of the Gaussian, R is a measure
of the percentage of the skewed Gaussian in the total peak area, o is the Gaussian
width, and 3 is the skew width.

In order to understand the dependence of the Gaussian skew parameters with
energy it was necessary to parameterize o, R, and 3. A choice of § = ¢ allowed the
parameterization process to proceed most efficiently. R and o were parameterized
simultaneously after the choice of 3. With § = o, the source gamma rays were fit
with the form given in Equation A.1, with ¢ and R allowed to vary freely. Plots of ¢
versus energy and R versus energy were created and fit with first-order polynomials.
Thus ¢ and R in Equation A.1 were replaced by ¢ = 012 + 02 and R = Rz + Rs.
All gamma-ray energies from 165 to 3451 keV were used to parameterize o, while
only those above 600 keV were used for the R parameterization as the intensity of
the skew was not apparent below gamma-ray energies of 600 keV. The inclusion of
the lower-energy gamma rays produced an unreliable result for R.

Once the parameterization of ¢ and R was complete for both SeGA rings, all
gamma rays from the source peaks were fit to determine the number of counts in
the photopeak. Fits were performed with the form of Equation A.1 using the PAW
program [108], with o1, 03, Ry, Ry fixed to the parameters previously determined,
and # = o. Programs used for the fit process are presented in the next section. The

area under the photopeak (Np) for each gamma ray was determined by creating a
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vector for both fit components in Equation A.1, and summing the elements of the
vector. The error on the area of the photopeak was determined in a similar manner,
by creating a vector from the error components. The error on the area (ANp) is equal

to

AN} = ANZ+ AN}

2
R 1 /z—x
ANZ = |[[1-—= —= ° AA?
G ( 100)9@ eXp<2< ))
A 1 /(z—z,)\"
T exp<_§<x U“‘)) W?AR? + R2A2 + AR]]
- ¢ )
+ A 1—£ Zx_% ex ez 2 A2
100) &~ o2 “P\72( "4 To
B 2
R (z — z,)° 1(z—1x,\"
Al1-— LA —Z
* ( 100)%: 73 eXp( 2( o )
x [22A0F + o7 Az + Acs]
2
R r—x T — T, 1
2 o 2
ANZ = m;exp( - >erfc<\/_a +7> AA

2
+ A exp (L2 erfe (Lo 4 1
| 100 P\ 7% \f % | 2

x [z 2AR2 + R;Az’ + ARj)
=) s (- (5 5))
|

(AR \/5 (m
— —4/— exp
100 —~ oV o

1 r—x r— 1 2

—— ° f 4+ — Az?
(52 (5 )] o

\/Ee (x—xo+ 1>2
J— X — J [
T P V2o V2

~ erfe ( fj + })W (22702 + 02 Az + Ao?] . (A.2)

It should be noted that Equation A.2 is valid only if § = 0.
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A.2 Fit programs for efficiency calibration

The source gamma rays were fit in PAW using the macro efit.kumac and fortran
function gelifit.for presented below. A histogram file containing the histograms
to be fit must be opened in PAW prior to running the macro. The macro allows
for a fit of one source peak at a time, to the spectrum contained in the histogram
number hid. The energy range xpll and xpl2 in which the peak will be displayed
such that one can choose limits for the fit and an initial guess for the centroid must be
specified. The area under the photopeak and associated error are output to the screen,
and the fit components are plotted overlayed on the data histogram. The fortran file

gelifit.for is called by the macro.!

MACRO efit hid=2037 xpl1=100 xpl2=4000

* This macro fits one peak with the gelifit function type, for

* use in efficiency calibration. The area and error on the area

* under the photopeak is calculated. The data histogram with

* the two fit components is drawn followed by the residue (data-fit).
* A vector (p) of length 12 is created

* (1) height of peak (Ao)

* (2) position of peak (xo0)

* (3-5) background parameters (a,b,c) p(3)+p(4)*x+p(5)*x~2

* (6-7) gaussian width (sigma) parameters: sigma = p(6)*xo + p(7)

* (8-9) skew width (beta) parameters: beta = p(8)*sigma + p(9)

* (10-11) skew intensity (R) parameters: R = p(10)*xo + p(11)
* (12) height of low energy step function
* p(12) and p(9) are always set to zero

* Errors on the fit parameters are in vector ep(12).

In the macro as displayed here, there are several lines that begin with Z followed by several
spaces. The code on these lines should be an extension of the previous line. For formatting here
it was necessary to separate the lines, but if run in PAW the two lines must be joined and the Z
eliminated.
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* Arguments when calling the macro are the histogram number
* on which the fit will be performed and the limits to use for

* plotting.

*Call the fortran file that has the fitting function

call gelifit.for

* Options for plots
opt nstat

zon 1 1

set pmci 2

set hcol 2

set mtyp 29

* Plot the histogram with the limits given as arguments

h/pl [hid] ([xpl1]: [xpl2]) HIST

* create the vector of fit parameters (p) and errors (ep)
VE/crea p(12)

V/CR ep(12) r 12%0.0

MESSAGE Please click on lower bound, upper bound, and centroid:
VLOCATE X Y

x1=$EVAL(X(1))

x2=$EVAL (X(2))

xc=$EVAL (X(3))

* Calculate intital estimates and limits for the parameters:
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V/CR hist ($HINFO([hid],’XBINS’)) r
H/GET/CONT [hid] hist

* Initial guess for background is linear:

dx = $EVAL(($HINFO([hid],’XMAX’)+1
z -$HINFO([hid],’XMIN’))/$HINFO([hid], ’XBINS’))
y1 = $EVAL(HIST(INT([x1]+1)))
y2 = $EVAL(HIST(INT([x2]+1)))
yc = $EVAL(HIST(INT([xc]+1)))

V/IN p(3) $eval(([x2]*[y1l-[x11x[y21)/([x2]-[x11))
V/IN p(4) $eval(([y2]-[y11)/([x2]-[x1]))
V/IN p(5) 0.0
* Initial guess for Gaussian height and centroid:
V/IN p(1) $eval([ycl-([y1l+[y21)/2)
V/IN p(2) $eval([xc])

* set Gaussian width parameters p(6-7)
* set skew width p(8-9) and intensity parameters p(10-11)
* separately for the different SeGA rings
if ([hid].eq.2037) then

ve/in p(6) .0001936

ve/in p(7) 1.382

ve/in p(8) 1.0

ve/in p(9) 0.0

ve/in p(10) .011888

ve/in p(11) 10.506
endif
if ([hid].eq.2090) then

ve/in p(6) .00020567
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ve/in p(7) 1.31
ve/in p(8) 1.0
ve/in p(9) 0.0
ve/in p(10) .016184
ve/in p(11) 5.1855

endif

* step function is always eliminated

ve/in p(12) 0

* Set default minimum and maximum limits for
* all fit parameters to be +- 95}

sigma minp=0.05%p

sigma maxp=1.95%p

* Set specific limits for some parameters
V/IN minp(2) $eval(p(2)-3)

V/IN maxp(2) $eval(p(2)+3)

V/IN minp(5) -0.1

V/IN maxp(5) 0.1

* perform the fit, fixing sigma,R and the step height
* the gefitparam function is used, found in the file
* gelifit.for
application HMINUIT exit
fix 6,7,8,9,10,11,12
minimize 3500
exit

histogram/fit [hid] ([x1]:[x2]) gefitparam B,M 12 P ! MINP MAXP EP
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*

plot the histogram with fit

h/pl [hid] ([xpl1]:[xpl2])

*

calculate the area under the photopeak by

creating vectors for the Gaussian, skew, and background
and using VSUM to sum the different components.

The vectors are also used to plot the different components.

Calculate the error on the area via the same vector-sum method.

Calculate vectors for all error components, sum vectors,

add in quadrature with the appropriate parameter errors.

The vector ep contains the errors from the fit, plus the errors
on the fixed parameters (added into the vector below).

ep(1) = delta A

ep(2) = delta xo

ep(3-5) = errors on background (not used)

ep(6) = delta sigmal

ep(7) = delta sigma2

ep(8-9) = errors on beta (none)
ep(10) = delta R1

ep(11) = delta R2

ep(12) = error on step (none)
Vectors on sigma and R coefficients

if ([hid].eq.2037) then

if (ep(6).eq.0) then

ve/in ep(6) .0000042192

ve/in ep(7) .0040199
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endif

if (ep(10).eq.0) then
ve/in ep(10) .0010579
ve/in ep(11) 3.0765

endif

endif

if ([hid].eq.2090) then
ve/in ep(6) .0000095497
ve/in ep(7) .021927
ve/in ep(10) .00095670
ve/in ep(11) 1.5677

endif

* create x-vector with the appropriate range, to calculate
* vectors for area and error.
sigma low = x(1) - 200
sigma high = x(2) + 200
ve/crea nch(1) I $sigma((high-low+1)*10)
ve/crea xvec($eval(nch))
sigma j=1
DO i=low,high
sigma xi = [i]
v/in xvec($eval(j)) xi
sigma j = j + 1

enddo

* calculate area and error.

* NOTE: This calculation is done with beta=sigma. If
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* beta does not equal sigma, the error formula must be
* corrected.
APPLICATION sigma

sig = p(8) * p(2) + p(7)

R = p(10) * p(2) + p(11)
A =p(1)
xo = p(2)

dsig = sqrt(xo**2*ep(6)**2 + p(6)**x2*ep(2)**2 + ep(7)**2)

dR = sqrt(xo**2*ep(10)**2 + p(10)**2*xep(2)**2 + ep(11)*%2)

xdrv = array(8192,1#8192)

bdrv = p(3) + p(4)*xdrv + p(5)*xdrv**2

gdrv = A*(1-R/100) *exp(-0.5%((xdrv-xo)/sig) **2)

sdrv = A*(R/100)*exp((xdrv-xo)/sig)

sdrv = sdrv*erfc((xdrv-xo)/(sqrt(2)*sig)+sig/(sqrt(2)*sig))
bkgdv = p(3) + p(4)*xvec + p(5)*xvec**2

gausv = A*(1-R/100)*exp(-0.5*((xvec-x0)/sig)**2)

skewv = Ax(R/100)*exp((xvec-xo0)/sig)

skewv = skewvkerfc((xvec-xo0)/(sqrt(2)*sig)+sig/(sqrt(2)*sig))
vdgl = (1-R/100)*exp(-0.5%((xvec-xo0)/sig) **2)

vdg2 = -(A/100) *exp(-0.5*%((xvec-xo0)/sig) **2)

vdg3 = A*(1-R/100)*((xvec-xo0)/sig**2)*exp(-0.5%((xvec-x0)/sig) **2)
vdgd = A*(1-R/100)*((xvec—xo) **2/sig**3)

vdgd = vdgd*exp(-0.5%((xvec-x0)/sig)**2)

vdsl = (R/100)*exp((xvec-xo0)/sig)

vdsl = vdsl*erfc(((xvec-xo0)/(sqrt(2)*sig))+(1/sqrt(2)))

vds2 = (A/100)*exp((xvec-xo0)/sig)

vds2 = vds2*erfc(((xvec-x0)/(sqrt(2)*sig))+(1/sqrt(2)))

vds3 = (A*R)/100%*(1/sig)*sqrt(2/3.141592654)*exp((xvec-xo0)/sig)
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vds3

vds3

vds4di

vds3*exp (- (((xvec-xo0)/(sqrt(2)*sig))+(1/sqrt(2)))**2)

vds3 - (A*R)/100%*(1/sig)*exp((xvec-xo0)/sig)*

erfc(((xvec-xo0)/(sqrt(2)*sig))+(1/sqrt(2)))

= (A*R*(xvec-x0))/(100*sig**2)*sqrt(2/3.141592654)

vds4=vds4*exp((xvec-x0)/sig- ((xvec-x0)/(sqrt(2)*sig)+1/sqrt(2))**2)

vds4d = vds4i - (A*Rx(xvec-xo0))/(100*sig**2)*exp((xvec-xo0)/sig)*

exit

erfc(((xvec-x0)/(sqrt(2)*sig))+(1/sqrt(2)))

* Sum up the vectors to get the photopeak area Ntsv

ve/crea Ngsv(1l) ! $sigma(vsum(gausv))

ve/crea Nssv(1) ! $sigma(vsum(skewv))

sigma Ntsv = Ngsv + Nssv

* Sum up the vectors to get the error on the area vdat

ve/crea
ve/crea
ve/crea
ve/crea
ve/crea
ve/crea
ve/crea

ve/crea

tdgl(1)
tdg2(1)
tdg3 (1)
tdg4 (1)
tds1(1)
tds2(1)
tds3(1)

tds4 (1)

$sigma(vsum(vdgl))
$sigma(vsum(vdg2))
$sigma(vsum(vdg3))
$sigma(vsum(vdg4))
$sigma(vsum(vdsl))
$sigma(vsum(vds2))
$sigma (vsum(vds3))

$sigma(vsum(vds4))

sigma vdgt = sqrt(tdgl**2*ep(1)**2 + tdg2**2xdR**2

Z

sigma vdst

Z

+ tdg3**2*xep(2) **2 + tdgd**2xdsig**2)

sqrt (tds1**2*ep(1)**2 + tds2**2xdR**2

+ tds3*x2xep(2)**2 + tdsd**2*dsig**2)

sigma vdat = sqrt(vdgt**2 + vdst**2)
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MESSAGE The area under the peak is $eval (Ntsv) counts

MESSAGE with error $eval(vdat) counts

* plot Gaussian, skew, and background fit components
set hcol 1

ve/draw gdrv ! S

set hcol 3

ve/draw sdrv ! S

set hcol b5

ve/draw bdrv ! S

MESSAGE Enter to proceed to residue

wait

* plot the residue

set dmod 1

set hcol 2

hi/pl [hid] ([xpl1].:[xpl2].) func
v/create fvec(8192)
get_vect/func [hid] fvec
h/copy [hid] 5000
put_vec/con 5000 fvec
sub [hid] 5000 5001

zon 1 2

h/pl [hid] ([x1]:[x2])
h/pl 5001 ([x1]:[x2])

zon 1 1
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return

This fortran function allows for a fit of the entire GF3 function, which includes
a step function in addition to the Gaussian and skewed Gaussian in Equation A.1.
During the efficiency calculations for the intermediate-energy Coulomb excitation

experiments the step function was always set to zero.

FUNCTION gelifit()
gelifit = 0
return

END

FUNCTION gefitparam(x)
COMMON /PAWPAR/ P(12)
REAL gefit,x,a,b,c,Ao0,x0,sigma,beta,R,H

REAL photo,skew,step,bg

C Map parameter list to function variables:
Ao = p(1)
xo = p(2)
a = p(3)
b = p(4)
c = p(5)
sigma = p(6)*xo + p(7)
beta = p(8)*sigma + p(9)
R = p(10)*xo + p(11)

H

p(12)
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if ( R.1le.0) then
R=0
endif
if ( sigma.ne.0. ) then

Aox(1-R/100.)*exp(-0.5%((x-x0) /sigma) **2)

photo

step Aox(H/100.)*(1/2)*erfcc((x-x0)/(1.414213562*sigma))
if ( beta.ne.0. ) then
skew = Aox(R/100)*exp((x-x0)/beta)*
erfcc((x-x0)/(1.414213562*sigma)+

sigma/(1.414213562*beta))

else
skew = 0.
endif
else
photo = 0.
step = 0.
skew = 0.
endif
bg = atb*x+ckx*k*2

gefitparam = photo + skew + step + bg

return

END

FUNCTION erfcc(x)
REAL erffc
REAL x,t,z

This function returns the value of the complementary
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error function at x by means of the Chebyshev fitting
method (accurate to x=1.2e-7). From Numerical Recipes

in FORTRAN by Press, Teukolsky, etc.

z=abs (x)

t=1./(1.40.5%z)
erfcc=t*exp(-z*z-1.26551223+t*(1.00002368+t* (.37409196+t*

* (.09678418+t*(-.18628806+t*(.27886807+t*(-1.13520398+tx*
* (1.48851587+t* (-.82215223+t*.17087277)))))))))

if (x.1t.0.) erfcc=2.-erfcc

return

END
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Appendix B

Efficiency of SeGA using GEANT

simulations

The cross section for Coulomb excitation is

N.
1 . (B.1)
€tot X N, beam X Ntarget

g =

The total efficiency (€4) includes contributions from the detector efficiency, solid
angle covered by the detector array, angular distributions of emitted gamma rays
due to the reaction mechanism and Lorentz boost, and absorption of gamma rays
in the target material. The efficiency for a general detector array including angular
distributions is discussed first, followed by the specific derivation of the total efficiency
of SeGA using GEANT simulations.

The efficiency of a detector array for an isotropic, non-Lorentz boosted source is

1

€(EB,)"° = o /Q e(E,,0,)dQ, (B.2)

where
# of gamma rays detected at 0, ¢
# emitted at 0, ¢

e(E,,0,0) = (B.3)
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is the efficiency of an infinitesimal theta and phi. The total efficiency over the detector
solid angle €(E,)*° is measured in an efficiency calibration with a standard gamma-
ray source. As integral, not infinitesimal, quantities are experimentally measured,
€(E,,0,¢) is never directly measured.

In intermediate-energy Coulomb excitation, the incoming beam particles are trav-
eling with a velocity of 30-50% the speed of light. Thus a distinction between quan-
tities measured in the laboratory (lab) frame and those measured in the frame of the
incoming projectile (pro) is necessary. The efficiency for a gamma ray described by
Equation B.2 will be the same in the laboratory and projectile frames only if the
gamma ray is emitted from a stationary source in the laboratory frame, i.e. for a
calibration measurement where the gamma rays are emitted from a standard source
placed at a fixed position near the detector. For an intermediate-energy Coulomb
excitation experiment, different efficiencies will be measured in the laboratory and
projectile frames due to the Doppler shift of the gamma-ray energy (E.,) for a moving
gamma-ray source. The frame in which measurements and calculations are performed
will be indicated by the labels pro and lab.

If the reaction mechanism that produces the detected gamma rays has a non-
isotropic angular distribution, such as that due to the alignment of the initial m-
substates for Coulomb excitation, the efficiency of the detector array must be folded

with the angular distribution W (). In the projectile frame, €, in Equation B.1

becomes [83]

/Q W (Byro) €27, By, Gpro) dpro

etot,p'ro = . (B4)
W (Opro) dQpro

4T

If a normalized angular distribution such that

W (Bpr0) dpro = 1 (B.5)

47
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is assumed, then Equation B.4 reduces to

S /Q W (Oyro) €(EP"  Byror dno) Ao (B.6)

If the detector efficiency is isotropic over €1, e(EZY””", oros Opro) Can be replaced by

the measured efficiency in Equation B.2, with the result

W (0pro) dQpro

T0\1S0 Qpro

Cuatro = €(ETT0)1 x 2 . (B.7)
— dQpro
47 P

Qpro

Total efficiency calculations for intermediate-energy Coulomb excitation have been
conventionally performed in the laboratory frame [56, 83]. If intermediate-energy
beams are used, the angular distribution of emitted gamma rays will change due
to the Lorentz boost, affecting the efficiency at different solid angles. The efficiency
calibration performed with a standard gamma-ray source results in an efficiency curve
from which the measured efficiency at the Doppler-boosted gamma-ray energy Efy"b is
determined!. In order to integrate over the angular distribution due to the reaction
mechanism W(6,,,) in the laboratory frame, the Lorentz boost must be included,

resulting in a new angular distribution W (645)?°°%?

dQpro
dap’

W(Olab)bOOSted — W(epro) (B8)

where 0,,, is related the laboratory frame angle 6, by

05(Byre) = ~SX0tat) = 5. (B.9)

1 — Bcos(biap)

Most detector arrays cover a range of angles, and thus a range in E,lyab. Consideration of the
change in efficiency for different Effb must be given when calculating the measured efficiency in the
laboratory frame. The use of GEANT simulations to determine the measured efficiency for SeGA
eliminates the need for such calculations, thus they are omitted here.
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and the quantity d€p.,/dqp is defined as

dQpro 1 -2
= . B.10
A, (BcosbOpr, — 1)2 ( )

The superscript 'boosted’ indicates that the Lorentz boost is included in the quantity
W (6145). The integral over the solid angle is also performed in the laboratory frame.
Thus, from Equation B.7 the conventional laboratory-frame calculation for the total

efficiency becomes

/ %% (elab) boosteddQlab
Quab

1
o dQlab
4m Qiap

€tot — G(E’lyab)iso X (B]_l)

In experiments with SeGA, GEANT simulations are performed from which mea-
sured efficiencies are determined. This requires a slightly different approach than
that used to achieve Equation B.11. The measured efficiency for the gamma ray of
interest e(E.*)**° is now determined from the GEANT-simulated efficiency for that
gamma ray multiplied by a scaling factor. As in Equation B.11, the measured effi-
ciency is determined in the laboratory frame. The GEANT simulation is performed
with a Lorentz-boosted, isotropic distribution of emitted gamma rays. The gamma
rays are detected with the appropriate energy and efficiency for the angle at which
they interact with SeGA. Ideally, one would fit the Doppler-broadened laboratory-
frame gamma-ray spectrum to get the number of gamma rays detected and thus the
simulated efficiency, but in many cases the laboratory frame spectrum is difficult to
fit. The number of gamma rays is the same in the laboratory frame and projectile
frame spectra, thus the simulated projectile-frame gamma-ray spectrum is fit in order

to determine the simulated efficiency

# of counts in simulated spectrum
# of GEANT triggers '

6(Ev’lyab)iso,boosted (B]_2)
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In order to determine the measured efficiency, it is necessary to correct the simu-
lated efficiency for some deviation from the efficiency measured with standard gamma-
ray calibration sources. To correct the simulated laboratory-frame efficiency, a factor
depane must be multiplied by e(El®)=>bsted in the calculation of €. This factor is
determined by minimizing the difference between the measured efficiency at the ener-
gies of the source gamma rays used and the simulated efficiency at the same energies,

such that

Z (emeasured - 6GEANT X 6GEANT) ~ 0. (B13)

source energies
During the minimization process, the factor dgganr is allowed to vary. This factor,
once determined, is multiplied by the simulated efficiency to determine the measured
efficiency of the gamma ray of interest.

The angular distribution due to the reaction mechanism W (f,,,) must now be cal-
culated excluding the Lorentz boost, as the Lorentz boost is included in the simulated

efficiency. Using Equation B.8, the total efficiency is now

| W 6me)
Qp’r‘o
1 )

1 dQ TO
47 Q P

lab\iso,boosted
(EY)

X Ogpant X (B.14)

€tot = €

pro

The integral over (2,,, is carried out over the angles 0,,, and ¢,,,. Due to the non-
continuous nature of SeGA, integrals over both angles should be completed taking
into account the opening angle of the detectors in 6,,, and the granular nature of
the ¢,,, angular coverage. As the efficiency calculations are carried out separately
for the two rings of SeGA, 6,,, for each ring covers a continuous range. While the

integral over phi is not continuous, it is possible to cancel the ¢,,, contributions in
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Figure B.1: Theta angles of simulated photons emitted and subsequently detected in
the two rings of SeGA. Simulations were performed for 10 million 849 keV gamma rays
from the de-excitation of >2Fe at 3 = 0.36. Angles of detected photons in the projectile
frame, gated on the photopeak of the simulated gamma ray in the projectile frame, are
shown in panel (a). Angles of detected photons in the laboratory frame, ungated, are
shown in panel (b). A clear distinction between theta angles corresponding to those
photons detected in the 37° and 90° rings is apparent. Also apparent at approximately
90° in the laboratory frame and approximately 110° in the projectile frame is the effect
on the detection of gamma rays due to the target absorption.

Equation B.14 as W (6) is independent of ¢. Thus only the integral over 6,,, remains:

/ W(epm) sin 6pr0 dOpro
apro

is0,boosted
€iot = G(E’Y)lab X dgmant X

(B.15)

Sin Opr0 dOpro
Gpro

4m

The range 6,,, over which the integral should be taken is only approximately
known experimentally. A more precise way to determine the angular distribution and
solid angle integrated over 8,,, is to take a sum over the emitted 6,,, angles of the
detected gamma rays, weighted by the number of detected gamma rays at each angle.
In order to calculate the weighted sums, two spectra are simulated that histogram
the emitted 0,,, angles in the projectile frame for gamma rays that are subsequently

detected in the 37° and 90° rings of the array (see Figure B.1). The integrals of

Equation B.15 become sums, with the additional factor Ny representing the number
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of counts for each 0,,, in the GEANT histogram

/ W (0pr0) S o dBpro ZNQWW(HWO) Sin Gpro
[%

Wi _ Bero T ) (B.16)
e - Sin 0,r0 AOpro EQZNQPM sin Opr,

Values of W (0,,,) are calculated in steps of one degree from 0° to 180°.

The contribution to the total efficiency from the target absorption, for the GEANT
simulation method, is included in the weighted sum taken over the calculated angular
distributions. The contribution from the target absorption of emitted gamma rays can
be seen in Figure B.1 for the 90° ring of detectors. At 8,,, >~ 90° in the laboratory
frame, and 6,,, >~ 110° in the projectile frame, there is a noticeable drop in the number
of detected gamma rays. As the angular distribution is weighted with the number of
detected gamma rays, the target absorption effect is included in the sum over W (6).

Thus the total efficiency for one ring of SeGA, using the method of GEANT

simulations, is

ZNQWOW(GPM) sin @0
iso,booste Opro
€tot = G(E'y)lab’b ted dgmanTt X - 1 . (B'17)
EZNGW sin O,y

opro
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