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Abstract

This work details the study of nuclear decay in the region of doubly magic 78Ni using
the Versatile Array of Neutron Detectors at Low Energy (VANDLE). This detector
system uses the time-of-flight technique to measure the energy of beta-delayed
neutrons. VANDLE uses a fully digital data acquisition system equipped with timing
algorithms developed as part of the experimental work. The experiment examined
nearly 30 beta-delayed neutron precursors produced at the Hollifield Radioactive
Ion Beam Facility at Oak Ridge National Laboratory. This work discusses three
of these nuclei: 77,78 Cu and 84Ga. Results from the experiment provide details of

the Gamow-Teller decay in neutron rich nuclei near 78Ni.
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Chapter 1

Background and Motivation

1.1 Introduction

Beta decay is the most common mode of nuclear decay, see Figure 1.1. This nuclear
transformation, mediated by the weak interaction, has decay lifetimes that can
be much longer than decays associated with other interactions. For example, the
electromagnetic force mediates gamma ray emission from an excited nuclear state
and typically occurs on the order of picoseconds. In the simplest picture, beta decay
is the transformation of a proton(neutron) into a neutron(proton) along with the
emission of an positron(electron) and neutrino(anti-neutrino). This process does not
change the atomic number of the nucleus.

Beta decays may be broken into two distinct classes: allowed and forbidden.
Allowed transitions, also called Gamow-Teller (GT) transitions [3], are the most
common form of decay. The total angular momentum and isospin of the parent
and daughter nuclei can change by 1 or 0 units. The orbital angular momentum
and parity of the nucleus remains unchanged. In contrast, forbidden transitions [4, 5]
involve the leptons carrying angular momentum away from the nucleus generally
yielding a smaller decay probability. The most common form of forbidden decay is the

first forbidden (FF) transition, which involve changes in orbital angular momentum



Figure 1.1: The chart of nuclides plotting proton number (Z) versus neutron number
(N). Black squares represent stable nuclei, light blue squares represent 3~ decay, red
squares 31 decay, yellow represent « decay, and green represent fission.



and parity change. The total angular momentum can change by 0, 1, or 2 units. The
parity change occurs when the emitted electron and neutrino couple to an odd value
of angular momentum with respect to the nucleus [6].

One can write the lifetime of a nuclear state in the following form:

Ei<Qp

Ty =D Ss(l:) x f(Z,Qs — Ey). (L1)

E;>0

The parameter Qs refers to the energy difference between the ground state (g.s.) of
the parent and daughter nuclei, E; is the energy of the final state in the daughter, and
Z is the number of protons in the decay daughter. The f(Z, Qs — E;) term 1.1 is the
Fermi integral. The Fermi integral is related to the kinematic phase space and can
be derived from the relativistic Dirac equation. Its strong dependence on Qg tends
to shorten nuclear lifetimes as Qg increases and quenches decays to highly excited
final states. The second term in Eqn. 1.1, Sg(E) is the beta decay strength function.
This contains the reduced transition probabilities for the decay, which are the matrix

elements for the GT operator|7].

1.2 Theoretical Models

We can begin to describe the matrix elements and beta decay through the nuclear
shell model. The nuclear shell model, similar to the atomic shell model, describes the
protons and neutrons in the nucleus as belonging to distinct oscillator shells provided
by a harmonic oscillator basis plus a residual interaction between nucleons. For
example the GT transitions discussed above may be viewed as the transformation
of spin-orbit partners in single particle orbitals (shells). A critical development in
the shell model was the idea of spin-orbit coupling [8, 9]. The spin-orbit coupling

assumes that orbitals with higher angular momenta have higher binding energy, and



this effect explains the origins of the “magic” numbers seen in atomic nuclei. Spin-
orbit coupling also gives rise to the crossing of orbitals, which, as we shall see, is an
important feature in G'T transitions.

Solving the shell model can quickly become intractable if one considers all of the
nucleons in the calculation. However, magic numbers provide a natural choice for
framing the calculation into a core and valence space. The core consists of a nucleus
with only paired nucleons (e.g. ™Ni) and is separated from the valence space by
a large shell gap. The valence space is then any nucleons outside of this core, and
the Hamiltonian used to calculate the matrix elements is replaced by an effective
one [10]. This reduces the problem to one of diagonalization within the valence
space. A commonly used method, the Lanczos method [11], is advantageous that the
complexity increases linearly with the size of the matrix to be diagonalized, making
it computationally fast and efficient.

While the shell model description is useful and describes the behavior of nuclei
well, it is not the only model that one may choose. Some approach the problem from
the idea of mean-fields and the quasi-particle random phase approximation (QRPA),
which uses the Hartree-Fock-Bogoliubov method to calculate basis states [12, 13].
Others use the QRPA with the finite range droplet model (FRDM) [14], which derives
its basis from modeling the equation of state of the nucleus. Both models represent
microscopic models as they take into account the specific interactions between the
nucleons. Takahashi and Yamada proposed another approach to the problem in the
the gross theory of # decay [15], which proposes the Sz in the form of the Gamow Teller
Giant Resonance. The model calculates information about the average properties of

the nuclei, but contains no information about the single particle structure.

1.3 The ®Ni Region

Of interest to this work is the region of neutron-rich nuclei surrounding “®Ni. This

region of the nuclear landscape is interesting for many reasons. From the perspective



of fundamental nuclear physics, this region holds interest due to the fact that the
nuclear shell structure may change as nuclei become more neutron rich. This is
illustrated by the change in the ground state spin-parity in odd-A Cu isotopes [16, 17]
and by the hypothesized emergence of sub-shell gaps (N = 58) as one crosses the N
= 50 shell closure [18].

The astrophysical rapid neutron capture process (r-process) originates in this
region [19] and detailed knowledge of nuclear data is extraordinarily valuable. The
r-process occurs in supernovae and is thought to be one of the major sources of
elements heavier than iron and for nuclei at closed shells the neutron capture cross
section drops. These are called waiting point nuclei and the process must “wait” for
beta decay until the neutron capture resumes [19]. The abundance of some elements
sharply increases due to the presence waiting points. Many astrophysics calculations
must rely on extrapolations of known data into the exotic regions; however, as
previously mentioned the behavior of exotic nuclei may be different than less exotic
species. Accurate models of the r-process require the neutron capture cross sections
and beta decay half lives to be experimentally determined [20, 21].

Lastly, the nuclei in this region are abundantly produced in the fission of ?*°U and
their properties influence the operation of nuclear reactors [22]. The design stages
of a reactor must take into account the amount and energy distribution of neutrons
emitted from the fission fragments. The modeling of transportation and storage of
spent fuel require experimentally determined inputs. This means that there must
be careful study of the beta decay half-lives and neutron cross sections for fission
products. These data are necessary for inputs into the decay heat calculations. The
decay half-lives will also have an effect on the reactor cooling time. This information

is necessary for environmental and safety considerations.
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Figure 1.2: A schematic of the energetics of the beta decay. Sg is the [ strength
distribution, f(Z,E*) is the Fermi function, and I is the measured intensity spectrum.

1.4 Decay of Exotic Nuclei

Close to the line of nuclear stability, the energetics of the beta decay are such that
the daughter nucleus is left in a neutron bound state. Deexcitation proceeds via the
emission of characteristic gamma rays. This does not hold true as one moves into
more exotic nuclei. Because the Q-value becomes larger, the excitation energy (E*)
of the daughter may be greater than the neutron separation energy (S,,) allowing for
the possibility of neutron emission. This process, discovered by Edwin McMillan and
others in 1939 [23], plays a significant role as a tool for nuclear structure diagnostics
and discovery. Schematically one may view this process as shown in Figure 1.2. In
the ®Ni region, the branching ratio of the decay can be understood through the
competition between GT decays and FF decays. When N>50 (Fig. 1.3), it is difficult
to generate an allowed GT transition to states with low excitations in the daughter
nucleus. This is due to the large neutron excess and the Pauli exclusion principle.
The GT transitions will only be able to connect neutron states occupying negative
parity fp orbitals that are below the N=50 shell gap with negative parity fp proton

states above the Z=28 closure. The GT transformation of the valence gy, neutrons
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Figure 1.3: The a schematic model of the shell structure near *Ni showing the two
different decay paths, FF and GT. The shaded blue region corresponds to the filled
proton shells. The dark brown square represents the shells of interest when N < 50
and the light brown corresponds to after one crosses the N = 50 shell gap.

is difficult because the spin-orbit partner g7/, lies above Z=50 shell gap. A transition
between the gg/o neutrons into the proton gy, state is also available. However, in
this case a GT decay will create a deeply bound neutron hole that leaves the nucleus
in a highly excited state. Population of highly excited states will favor beta delayed
neutron emission. For decay with large Qg windows, the forbidden transitions may
be able to provide an alternate decay path to states with lower excitation energy.
The competition between GT and first forbidden transitions manifests itself in the
gamma emission spectrum by producing two distinct groups of gamma lines [24, 25].
This competition leads to erosion of the beta delayed neutron emission. Borzov
[26] recently studied the interplay of allowed and forbidden decays on beta delayed
neutron emission. His calculations show the step-like behavior of beta delayed-neutron

emission at the N=50 crossing due to the ) value increase for pure GT transitions



and the effect of forbidden transitions on the branching ratios, see Figures 3 and 4 in

Ref. [26].

1.5 Previous Work on Beta-Delayed Neutrons from
Fission Fragments

Both theoretical and experimental work provide a rich history study of beta-delayed
neutron emission from fission fragments. This field of study saw great interest from
about 1970 until the middle of the 1990s. This is due to the development of detector
systems capable of high energy resolution, and isotope separation techniques. The
fission of 2*U produces the isotopes to be studied, and 3He and CHj ionization
chambers measured neutron energies. Discrete lines in the neutron energy spectrum
indicated the presence of the distinct states in the daughter nucleus emitting neutrons
[27, 28]. These spectra allowed extraction of information about the nuclear structure
and how it influences the process of beta decay.

Perhaps the most controversial work in the field is the idea of the Pandemonium
effect [29, 30]. Pandemonium is a fictional nucleus meant to demonstrate that the
structure seen in particle emission spectra (gamma or neutron) is due to statistical
fluctuations. Statistical effects alone govern the decay of the pandemonium nucleus,
and the observed structures in the spectra have no connection to nuclear structure.
The neutron emission spectra for this nucleus behaves similarly to those studied by
Kratz et al.[28]. While the spectra do not agree with complete accuracy, the overall
gross structure and behavior of the spectra agree quite well. This leads Hardy et
al. to state that one should exercise caution when interpreting beta-delayed neutron
spectra and that any interpretation of these data must consider pandemonium.

More recent theoretical work on the subject uses a combination of QRPA and
the Hauser-Feschbach statistical model [31, 32]. QRPA calculates the [-decay

probabilities of states in the daughter nucleus. These states decay either via gammas



or neutrons, and the Hauser-Feschbach model calculates the branching ratios. This
method explicitly takes into account spin and parity selection rules and generally
predicts the correct energy range of neutrons in the decay. However, the model does
not reproduce the discrete peaks seen in the experimental spectrum. This theoretical
framework bears consideration because it takes into account both of the major goals
of these types of studies: the nuclear structure effects and the statistical effects.
Interest in the study of beta-delayed neutron emission waned in the mid 1990s
for several reasons. First, technical challenges in radioactive ion beam production
meant that the production of these exotic nuclei would be difficult or impossible with
the required purities and rates. Second, the detector systems lacked the efficiency
required to measure exotic nuclei. Finally, pandemonium played a large role in the
interpretation of the experimental spectra and the analysis may not be interesting for

nuclear structure.

1.6 Current Work

This work brings about a revival of the interest in beta-delayed neutron spectroscopy
of fission fragments. The primary focus of the work addresses the challenges
mentioned above. The Holifield Radioactive lon Beam Facility (HRIBF) provided
high purity and high rate beams of the exotic nuclei of interest. To take advantage
of these exotic beams, the Versatile Array of Neutron Detectors at Low Energy
(VANDLE), see Figure 1.4, was constructed and provides high neutron detection
efficiency. It measures neutron energies via the time-of-flight technique. A key
development in VANDLE is the use of a digital data acquisition system, which
provides the high neutron detection efficiency. Newly developed timing algorithms
provide the necessary time resolutions for measuring the neutron’s time of flight.
This work is the first to apply the time-of-flight technique to fission fragments
and used VANDLE to measure nearly 30 known beta-delayed neutron emitters, and

obtained the neutron energy spectra, many measured for the first time. High purity



Figure 1.4: A picture of the VANDLE setup at the HRIBF.

gamma ray detectors enable coincidence measurements to be made between gamma
rays and neutrons, which, it will be shown, is essential to understanding the structure
and behavior of the delayed neutrons. Some prominent cases are presented, ""8Cu
and 81 Ga. These nuclei exhibit clear evidence for strong “resonance” structures in the
neutron energy spectra, with the strongest in *Ga. Because of the strong quenching
of the decays to high energy states by the Fermi function and the high density of states
in this region of excitation energies, this result is surprising. The peak structure must

be due to strong GT transition matrix elements.
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Chapter 2

Digital Data Acquisition Systems

2.1 Introduction

In this work, we present critical development steps for the Versatile Array of Neutron
Detectors at Low Energy (VANDLE) [33, 34]. These steps include the implementation
and characterization of timing algorithms and a new triggering model. These
developments enable VANDLE to be fully instrumented with a digital data acquisition
system. Digital data acquisition systems are rapidly becoming common in nuclear
physics experiments due to their many advantages with respect to analog electronics
[35, 36]. The main feature of such systems is a reliance on numerical algorithms
that operate on digitized representations of the electrical pulse from a detector. The
flexibility offered by an unlimited choice of pulse shape analysis methods is one reason
for the growing demand of these systems.

However, an important limitation of this approach is the finite amplitude and
time resolution of the analog to digital converters (ADCs) used to digitize the signals
from the detectors. As a result, the digital image of the signal is a distorted version
of the “real” signal. This distortion comes from the the frequency cutoffs imposed by
the implementation of an analog filter [37], which is a common component of digital

systems. The finite bit and sampling resolution is particularly important for the “fast”
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signals from scintillator detectors. In order to be recorded with high fidelity, signals
from these detectors require subnanosecond sampling frequencies. This enables the
digital algorithms to extract information about the signal for the highest relevant
frequencies. The availability of gigahertz (GHz) digitizers makes it possible to store
signals with subnanosecond accuracy. Unfortunately, these systems suffer from high
energy consumption and carry an expensive price-per-channel burden.

Digital timing algorithms extract the time of arrival of a signal from the digitized
waveform. Ideally, the timing resolution should only be limited by the detector
performance not by the digitizer. This problem can be solved for fast signals using
gigahertz digitizers and a digital constant fraction discrimination (DCFD) algorithm
[38]. This solution is often difficult or impractical if one is instrumenting a large
detector array. As an alternative one could employ slower digitizers (e.g. 100 MS/s)
but the timing resolution for these systems may not be adequate for the timing needs.

In experimental nuclear physics, many time-of-flight neutron detectors consist
of plastic scintillators, which have signal rise/decay times on the order of a few
nanoseconds [39, 40, 41, 42]. These detectors rely on analog electronics with
conventional CFDs to obtain precise timing. In contrast, nuclear technology
applications, e.g. positron emission tomography, use gigasamples-per-second (GS/s)
digitizers with fast scintillators, e.g. lutetium orthosilicate (LSO), for timing
applications. The time information is extracted using a DCFD or a model is fit to
the digitized waveform [43]. These GHz systems are capable of obtaining resolutions
on the order of hundreds of picoseconds. Using a 40 MS/s digitizer with LSO, Streun
et al. perform a linear fit between two points on the leading edge of the waveform
to obtain resolutions of 2 ns [44]. These studies demonstrate the necessity of using
different algorithms depending on the digitization frequency of the system.

Past work involving digital timing techniques by a University of Florence group
applied a 100 MS/s digitizer to signals from a silicon detector [45]. These tests used

a digital constant fraction discriminator to achieve timing resolutions on the order of
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hundreds of picoseconds. Their work demonstrates the necessity for the proper choice
of algorithms to determine timing less than the sampling frequency of the digitizers.

To instrument VANDLE, a choice between traditional NIM and digital electronics
needed to be made. Digital electronics provided an ideal solution due to previous
experience within the group, and their low cost per channel. Ideally, one would
instrument VANDLE with GS/s digitizers to minimize the development time
necessary to achieve sub-nanosecond time resolution. VANDLE requires many
channels of instrumentation and GHz digitizers are still prohibitively expensive.
Therefore, we investigated the capabilities of lower frequency systems for the timing
applications. This work used XIAs DGF Pixie-16 100 and 250 MS/s digitizers to
process the signals from VANDLE.

The challenge is to demonstrate that precise time information can be extracted
from the digitized signal when the sampling period is much longer than the
characteristic time scale of the signal. While many algorithms exist to accomplish
this task, they are not necessarily applicable to every timing situation. The algorithm
must take into account the response of the digital system to the raw signal. A Nyquist
filter [37] and the sampling frequency of the ADC govern the response. Thus, the
problem of timing becomes a deconvolution problem where the major challenge is to
determine relevant folding (response) function.

This work tested three numerical algorithms to extract timing information from
the digitized signals: a digital constant fraction discriminator (DCFD), a fitting
algorithm (FA), and a weighted average algorithm (WAA). To verify these algorithms,
a new method to verify the robustness of the digital timing algorithm was developed.
The system was tested using an arbitrary waveform generator providing fixed shape
pairs of waveforms with various amplitudes and delays. Finally, the digital timing
was applied to signals from a plastic scintillator coupled to a photomultiplier tube
(PMT). It will be shown that commercially available digital systems, with a low
cost per channel, can be used for high resolution timing measurements with fast

scintillators.
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Figure 2.1: A sample trace from the 250 MS/s system using the signal produced
by the AFG (solid line). The dashed line represents the DCEFD for this trace. The
position of ¢ is given by the vertical dashed line and is given by zero crossing of the
DCEFD calculated using Equation 1 with D = 1 and F = 0.75. The horizontal dashed
arrow denotes the region used to determine the baseline.

2.2 Testing Setup and Software Analysis

This work used an 100 MHz Tektronix AFG3102C Arbitrary Function Generator
(AFG) [46]. This function generator allows control of the delay between the signals
with 10 ps resolution, their width with 10 ps resolution, and amplitudes with 0.1 mV
resolution. A pulse of 10 ns width approximated signals from plastic scintillators. A
time calibrator with variable rate triggered the AFG. One volt signals, using half of
the ADCs dynamic range, provided a reference signal for the FA. The jitter in the
arrival time of signals produced by the AFG is on the order of 50 ps as measured by
a 2.5 GS/s oscilloscope. The outputs from the AFG were connected to two adjacent
channels in the Pixie-16 digitizers.

The data is read out from the digitizer via a MXI-4 fiber optic crate controller and
processed into a data file through a C++ software package. An in-house developed
C-++ analysis software suite unpacks the data files and processes the raw data stream.

A configuration file maps the raw module and channel in the data stream to a specific
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detector type and performs the appropriate processing. For the work presented here
the software applies the timing algorithms to every digitized waveform in the data
stream. The average amplitude of all bins up to the signal in the trace constitutes
the baseline, denoted by the horizontal dashed arrow in Figure 2.1. The standard
deviation of the baseline for the AFG is no larger than 1 ADC bin for the cases
presented in this work. All of the discussed timing algorithms are implemented in

this stage of the analysis and not on-board the digitizer.

2.3 Digital Timing Methods

For the Pixie-16 systems used in this work, the digital filter implemented in the FPGA
latches and records the digitized waveforms (traces) once a valid trigger is detected.
The total trace length and pre-trigger length can both be adjusted by the user. The
arrival time of the recorded trace consists of two components. The first component
is a 48-bit timestamp, which is the real-time counter value of the FPGA latched at
the time of the valid trigger. The time resolution of such a timestamp is obviously
limited by the processing clock frequency of the FPGA. The second component is
derived from the trace, which is latched with respect to the first component. This
position is referred to as the phase (¢), and it will be shown that ¢ can be determined
to a precision that is smaller than the sampling frequency of the digitizer. The time
of a given event in the digitizer is provided by the summation of the filter clock from
the FPGA and the phase.

The response of the digital system to a time translation of the raw signal that is
below the sampling frequency depends on the derivative of the digitized trace [47]. If
the derivative is not constant in the interpolation region, one cannot extract accurate
time information using linear methods. If the digitization frequency is substantially
faster than the input signal one may assume local linearity. Because the transit times
of the scintillators used in this work are much shorter than the digitization period, one

can rarely construct a situation where local linearity is achieved. Timing algorithms
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that do not take into account the non-linear response of the system will not produce

accurate results. For these reasons, this work investigated three timing algorithms.
First, the DCFD provides a simple algorithm and was demonstrated to work

with digitizers [38, 45]. The DCFD applies the following equation to the digitized

waveform:

DCFDIK] = Fylk] — y[k — D. (2.1)

D is the delay, F is the fraction of the original trace and y[k] is the baseline subtracted
amplitude of the trace at bin £ [38]. Figure 2.1 shows an example of the output of
the DCFD algorithm, where D = 1 and F = 0.75, for the 250 MS/s system with the
associated trace.

The obvious limitation of this algorithm is that the smallest delay available will
be equal to the sampling period. To measure subsampling delays, we apply an Akima
spline [48] to the data points. Akima splines have a smoother interpolation than a
cubic spline, and will produce fewer unnatural spikes in the interpolation. The GNU
Scientific Library (GSL) provided the splining algorithms [49]. The spline function
increases the number of points available to determine the zero crossing in the hopes
of making the behavior of the leading edge of the trace linear in that region. A
linear interpolation between points above and below the zero crossing determines its
position to better than a sampling cycle.

In a second method, an algorithm fit the digitized waveform. The analytic model
approximates the response of the digital system. For this work the function took the

following form:

f(t) = ae*(tﬂzﬁ)/ﬂ(l _ e*(t*¢)4/7)_ (2.2)

The parameter [ is the decay constant for the exponential, which is related to the
decay of the waveform. The leading edge of the waveform is described by the inverted-

squared Gaussian, whose width is given by . The normalization of the signal is given
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by a. The offset ¢ provides the phase of the signal. An averaged waveform fit with all
free parameters in Eqn. 2.2 optimizes $ and 7. These fitted values are held constant
for the timing analysis.

For the pulser signals, the standard deviation of 3 and v is 0.01 ns and 0.001 ns*,
respectively. For signals from the detectors described in Section 3.4, the standard
deviation is 0.3 ns and 0.1 ns®, respectively. Fitting 16000 traces where all FA
parameters are free provides a sample of the possible § and v values. The sample
variance of the set assumes a normal distribution. The square root of sample variance
provides the standard deviation of 3 and 7.

The timing analysis is carried out using a non-linear least squares fitting routine
provided by GSL, henceforth referred to as the fitting algorithm (FA). The fitter uses
a Levenberg-Marquardt algorithm as implemented in the scaled LMDER routine in
MINPACK [49]. The values for § and ~ are fixed so that the fitting routine does not
fall into nonphysical minima. Should this happen the FA would show a preference
for specific values of the phase, which result in inaccurate timing.

The final approach uses the weighted average of the trace. This algorithm will be
referred to as the Weighted Average Algorithm (WAA), and the equation is given by

7 (yi—Db)i

The parameter y; is the value of the trace at bin i or j, b is the average value of the
baseline of the trace (see Figure 2.1), « is the starting bin for the weighted average,
and [ is the final bin for the weighted average. The values for o and S are chosen to
optimize the resolution of the system.

Each of the methods described perform timing in the subsampling frequency range.
The DCFD and the WAA are possible to implement on-board the digitizers, whereas
the FA is much too complicated and requires post processing of the traces. One must

take care that the algorithms are behaving as one would expect from the properties
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of the digital system. To that end, we propose a method that confirms the behavior
of the algorithms.

This method relies on the measurement of the time difference between two signals
input into the electronics. The first signal has a phase ¢; and the second signal has
a phase ¢o. The delay (A) between the signals is varied in intervals smaller than the
sampling frequency of the digitizer to ensure the signals do not sample the same phase
space. With a A of n times the sampling frequency, a bias of the timing algorithm
would be impossible to detect. The measurement of the time difference for the three
algorithms are shown in Figure 2.2. For a 0 ns delay between the signals (top row), all
three of the algorithms produce similar results. This is due to the fact that the delay
is equal to an integer multiple of the sampling frequency. Yet, once the A moves to
2 ns the DCFD fails to produce a single peak for the time difference indicating that
the algorithm is suffering from bias when determining ¢. The FA and the WAA both
produce a single peak for this delay.

The start and stop phases follow a linear relationship given by

¢1 = ¢ — A (2.4)

due to the nature of the test setup, and with ¢; random with respect to the
sampling clock. A plot of ¢; vs. ¢y immediately indicates the accuracy of the
algorithm. A nonlinear relationship reflects deficiencies in the timing algorithm.
Figure 2.3 displays the phase-phase diagrams for the three timing algorithms
(columns). The first row in the figure uses A=0 ns and all of the algorithms display
linear results, as one would expect from Figure 2.2. The bias of the DCF'D becomes
rapidly apparent in Panel (f) of Figure 2.3, where the strict linear behavior of the
system is not maintained. Both the FA and the WAA maintain the linear relationship
regardless of the delay between the signals. In each of the graphs, the short lines
appearing at 8 ns separation from the main distribution represent cases where the

two signals have different filter clock timestamps.
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Figure 2.2: The resolutions of the various timing methods (columns) for two different
signal delays, 0 ns (top row) and 2 ns (bottom row), at a signal amplitude of 1 V.
The FA and WAA both produce a well defined peak for both delays. The DCFD fails

to reproduce the proper timing when the delay between signals moves to 2 ns.
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Figure 2.3: The phase-phase diagrams of the various timing methods (columns) for
two different signal delays, 0 ns (top row) and 2 ns (bottom row), at a signal amplitude
of 1 V. The DCFD do not behave according to the strict linear relationship. The small
lines appearing at 8 ns from the main distribution are cases where one of the signals
has a different timestamp.
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Figure 2.4: The projection of the phase-phase diagrams for the FA and the DCFD,
each case is for A = 2 ns. The FA does not show any bias in the phase space, where
as the DCFD is heavily biased because the response of the function is nonlinear in
the interpolation region. The WAA produces a projection similar to that of the FA.

In addition to the linear relationship between phases, one expects that the
algorithm does not show bias towards a specific region of the phase space. This
would be evidenced by spikes in the distribution of the phase-phase diagrams. Figure
2.4-(a) shows the projection of the phase-phase diagram for the FA with 2 ns delay
(Fig. 2.3-(b)), and Figure 2.4-(b) is the projection for the DCFD (Fig. 2.3-(f)). One
notices immediately the differences between the two methods. The distribution for
the FA is flat, as one would expect from the random nature of the start signal, and
this result is similar for the WAA. On the other hand, the DCFD shows bias toward
specific regions of the phase space. The additional requirement of non-bias in the

phase space provides a further confirmation that the algorithm behaves as expected.

The DCFD produces nonlinear results due to the use of a linear interpolation
to extract the zero crossing. The derivative of the DCFD waveform determines the
accuracy of the DCFD algorithm, and in the studied cases the derivative is nonlinear
for fast signals [47]. For these types of signals, the DCFD would produce more

accurate results using a faster digitizer, which would achieve local linearity around

21



the zero crossing. The FA explicitly takes into account the nonlinear nature of the
trace by attempting to reproduce the proper response function for the signal. In the
case that one leaves all of the FA parameters free to vary, the results are identical to
those of the DCFEFD due to the highly non-linear nature of the phase sampled by the
assumed response function. The FA and WAA, due to the preservation of the linear

relationship between the two phases bear further investigation.

2.4 Performance With An Arbitrary Function Gen-

erator

2.4.1 Setup

The resolution of the two systems (100 MS/s and 250 MS/s) was studied for values
of A ranging between 0 and 4 ns, and the resolution is given by the FWHM of
the distributions, seen in Figure 2.2 and is denoted by &. The sensitivity of the
resolution to the amplitude of the input signals was studied in a range of 20 mV to 1
V. The signal-to-noise ratio (SNR) for the 1 V signals was 64 dB for both the systems
decreasing to 30 dB for the 20 mV signals.

In all cases, the FA calculated the proper A and the phase-phase plots remained
linear. The biggest difference between the two systems can be seen in the behavior
of the resolution as a function of the amplitude of the input signal. As seen in Figure
2.5, the resolution of the 100 MS/s system degrades quickly below 400 mV reaching
a value of 1.7 ns for 20 mV signals. For 400 mV and above the 250 MS/s system
yields a factor of 2 improvement in the resolution of the system. The largest gain in
performance comes for the lowest amplitude signals where a factor of 3.5 is gained.

Similar tests were performed for the WAA for both digitization frequencies. The
WAA again maintained the proper phase-phase relationship across all amplitudes and
delays. For an optimized choice of averaging window, the WAA performs similarly

to the FA. The WAA maintains a resolution of less than the sampling time over the
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Figure 2.5: Time resolution as a function of input voltage for signals from the
Tektronix 3102C Arbitrary Function generator using the Fitting Algorithm. The
error bars are smaller than the point size.

full range, see Figure 2.6. Again, the 250 MHz system outperformed the 100 MHz
system, leading to a factor of 2.7 improvement at 20 mV.

The WAA while having slightly worse resolution than the FA, 71 ps and 51 ps
at 1 V respectively, has an advantage in that it can be relatively easily implemented
in a digital system, e.g. on the DSP, which performs floating point operations. This
would alleviate the need to store the digitized signals, thus increasing the throughput
of the system. In addition, the WAA is more robust than the DCFD when processing
fast signals. Due to the poor performance of the WAA for low amplitude signals, a
resolution of 1 ns at 20 mV, with the studied systems only the FA is considered for

applications to scintillator signals.
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Figure 2.6: Time resolution as a function of input voltage for signals from
the Tektronix 3102C Arbitrary Function generator using the Weighted Average
Algorithm. The error bars are smaller than the point size.
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Chapter 3

The Versatile Array of Neutron
Detectors at Low Energy

The Versatile Array of Neutron Detectors at Low Energy (VANDLE) [50] detects
neutrons and measures their energy via the time-of-flight (ToF) technique. The ToF
technique uses the time difference between two detectors in order to measure the
amount of time required for the particle of interest to cover a known distance. Using
this information one may calculate the energy of the particle. Even though this is a
conceptually simple technique it is one of the easiest and most powerful methods for
measuring neutron energies [39, 40, 41, 42, 51].

By design, VANDLE is versatile, meaning that it can achieve a variety of scientific
goals at many different experimental conditions. There are currently two major
configurations of the array, seen in Figure 3.1. One of these configurations is optimized
for beta decay experiments; the other is used for reaction experiments. These
configurations can be changed and adapted to fit into the spacial requirements of
the facility at which an experiment will be run. More importantly, these designs are
adapted so that VANDLE may be used in conjunction with other detector systems.
Most notably, during the experiments discussed in Chapter 5, VANDLE was coupled
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Figure 3.1: VANDLE in the two main configurations.

with a high purity germanium detectors that provided the ability to perform g — -
neutron correlations.

A fully digital data acquisition system provides VANDLE with several integral
features. First is low energy neutron detection thresholds. This is accomplished
using a coincidence triggering scheme that is fully implemented on the acquisition
board. The low threshold triggering means that it is possible to detect neutrons with
energies of 100 keV or lower and run the system in the photomultiplier’s thermal
noise. Details of this triggering scheme are discussed in Section 3.5. Second, the
timing for the system is better than 1 ns for photomultiplier (PMT) signals. This
is discussed further in Section 3.4. VANDLEs modular design necessitates a unique
characterization for each module. This characterization involves gain matching the
modules so that they behave identically to the same incident light. This process is

discussed in Section 3.3.

3.1 Scintillator Theory

VANDLEs detector material is composed of plastic scintillators. Plastic scintillator

materials come in a wide variety of forms and are used in many applications due to
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their versatility. These scintillators are amenable to production in large quantities,
and can be shaped into various geometries. This means that they are relatively cheap,
making them ideal for large detector arrays that require a large coverage area.

Scintillators produce light (fluoresce) when a particle strikes atoms within the
material. This causes atomic excitations, which then decay via the release of photons.
An important feature of scintillators is that they must be “blind” to their own
scintillation light. Thus, the energy required for the excitation of the atoms is
generally much higher than the emission light. In many scintillators, the deexcitation
of the atoms is on the order of picoseconds, which gives rise to signals with fast
response times suitable for timing purposes.

The amount of light that is produced inside the scintillator is proportional to the
energy deposited by the incoming particle or photon. In addition, the light produced
changes depending on the type of incident particle. To standardize the light yield from
scintillators one uses the unit MeV electron equivalent (MeVee). The unit is related
to the amount of light that an electron deposits in the scintillator. For example,
1 MeVee of light will be generated by an electron with energy 1 MeV for a given
scintillator material; however, a 1 MeV neutron will generate only a fraction of 1
MeVee of light [52].

As discussed by J. B. Birks [53], a particle incident on the scintillator will leave a
path of damaged molecules. These damaged molecules will quench the light produced
and cause the overall light production in the scintillator to temporarily decrease. The
fluorescence can be described as a function of the incident particle energy and the
penetration depth by the equation:

ds A‘é—f

—_— = 3.1
dr 1+ kB4 (3.1)

The term dS/dr describes the fluorescence, AdE /dr describes the excitations along
the particle track, BdE/dr is the concentration of damaged molecules along the path,
and k is the probability that damaged molecule will quench the light [54, 55]. In
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Figure 3.2: The electron energy (light output) as a function of the incident proton
energy for the scintillator material used in VANDLE.

practice, the parameter A is known, and the parameter kB is fit to experimental
data. For VANDLESs scintillator material this equation has been parameterized by
Madey et al. [56], the graph of the electron energy (light output) as a function of
proton energy is shown in Figure 3.2.

As light travels through the scintillator it will lose intensity or attenuate. The

attenuation of the light can be expressed as

I
— =L (3.2)
0

[ is the intensity of the light at position x, Iy is the amount of light initially emitted,
and L is the attenuation length [52]. The attenuation length for the VANDLE bars
is measured to be longer than the length of the module. Therefore, more than 63%
of the emitted light reaches the ends of the module. As discussed in the previous
chapter, the timing of the acquisition system depends on the amplitude of the input
signal, and it is imperative that a significant fraction of the emitted light be collected

to improve the timing and low energy threshold for the module.
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Figure 3.3: The schematic diagram of a single VANDLE module. The black
component represents the scintillator material. The yellow, brown, and blue
components depict the photomultiplier tube, the voltage divider, and the end cap,
respectively.

3.2 Physical Assembly

VANDLE uses square scintillator bars. Two sizes were chosen to achieve the full
breadth of the scientific goals. A schematic of a single VANDLE bar is shown in
Figure 3.3.

The first size is a 3x3x60 cm? bar. Due to their size, the “small” bars have small
light attenuation, which provides sensitivity to low energy neutrons, on the order
of 100 keV. They are efficient at detecting neutrons with energies greater than 100
keV. These reasons make the small bars an excellent choice for studying beta-delayed
neutron emission. These experiments typically require detection of neutrons with a
broad energy range. A particular challenge is the detection of low energy neutrons
emitted from states near the neutron separation energy.

The “large” bars have dimensions of 5x5x200 cm®. The larger size allows for
a larger solid angle, which means that the bars can be placed much farther from
the implantation point. The added thickness means that the bars are sensitive to a
much higher range of neutrons (2-20 MeV) than their smaller counterparts. These

bars have a similar intrinsic efficiency as the small bars; however, the peak of the
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Figure 3.4: A schematic of a photomultiplier tube with attached scintillator. The
dashed lines indicate the path of the electrons.

efficiency curve is higher in energy, nearly 2 MeV. The size and energy coverage give
these bars an advantage in reaction studies where one expects a range of neutron

energies depending on the detection angle.

3.2.1 Photomultiplier Tubes

Scintillator detectors typically require a photomultiplier tube (PMT) to convert
scintillation light into electrical signals. The conversion takes place in several steps,
see Figure 3.4. First, the scintillation light impinges on the photocathode, which
converts the photons into electrons. This conversion occurs through the photoelectric
effect. The most common types of photocathodes are semiconductors; the type is
chosen to match the frequency of scintillation light. Electrons from the photocathode
pass into the electron collection optics. This focuses the emitted electrons into the
electron multiplier. The electron multiplier consists of many dynodes, which are
designed so that the electric fields between them accelerate electrons from the previous
dynode toward the next. The accelerated electrons strike the next dynode in the
sequence at a few hundred eV and strike with enough energy to release secondary
electrons [57]. Immediately following the final dynode is an anode that collects the

electrons released in the electron multiplication stage. The anode not only collects

30



the electrons but also makes a connection to the output electronics. In most cases the
output electronics consists of a voltage divider that serves two purposes: providing
connections for biasing the PMT and outputting the signal from the anode.

Each VANDLE module has a PMT on each end, see Figure 3.3. This configuration
allows for optimal light collection. If only a single PMT were used, events at the far
end of the scintillator would have little of their light reach the PMT due to the light
attenuation. This would produce fewer electrons in the photocathode, and a smaller
output signal. The timing of the system depends upon the amplitude of the signals;

it is critical to maximize the amount of light collected in the PMTs.

3.2.2 Wrapping Material

There are two layers of wrapping material on the scintillators. The inner layer serves
to keep the scintillation light from escaping the scintillator. The timing performance
of the detector is linked with the amount of light that can be collected from the
scintillator. Various wrapping materials were tested to judge their effectiveness
at reflecting the scintillation light. Nitrocellulose paper (nitro) had the best
performance, followed by aluminized Mylar. Unfortunately, the nitro is expensive
and brittle. For a large detector array the cost of will be prohibitive. The brittleness
makes working with large quantities of the material difficult. For these reasons, only
the small bars are wrapped in the nitro. In contrast the Mylar is relatively cheap,
and easy to work with making it the ideal choice to wrap the larger bars.

The outer layer of the wrapping material provides several benefits. First, it
protects the inner layer of wrapping. This is especially important for the nitro due to
its fragility. Second and most important, the outer wrapping prevents external light
from entering the detector. If the outer layer of wrapping is not light tight, a variety
of problems can arise. The PMTs may be damaged as they serve to amplify light
that reaches them. The external light drastically increases the amount of background

that the PMTs experience, which makes distinguishing true scintillation light from
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the external light difficult, if not impossible. To complete the wrapping, a piece of
shrink tubing is placed over the PMTs. The tubing provides extra stability to the
joint between the PMT and scintillator. It has an added effect of providing another
layer of light protection at the ends of the bars were the wrapping materials may not

fully cover.

3.3 Gain Matching

Gain matching is the process by which one calibrates individual PMTs so that they
respond identically to the same incident light ensuring uniformity between different
VANDLE modules. This is a critical step in the characterization of the modules. If
the bars are not gain matched, then one cannot create composite data by summing the
individual bars together. In addition, gain matching provides an energy calibration
for the light output of the detectors. In this way, one can adjust the response of the
detectors to fit the specific needs of the experiment.

In practice, one uses the Compton effect to gain match the PMTs. A source is
placed at the center of a VANDLE module ensuring that the light reaching both
PMTs is the same. The gammas from the source scatter off electrons in the plastic.

The energy of the recoiling gamma is calculated by

— v
E’Iy = W. (33)

From which it follows that the maximum energy of the electron will be when the

gamma transfers the maximum energy or when ¢ = 7.

E
E = = ;Ez (3.4)
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Figure 3.5: (a): The integrated trace values (QDC) before the PMTs are gain
matched. (b): The integrated trace values (QDC) after the PMTs are gain matched.

The energy of the electron can be calculated from the following expression:
EM =E, - E.. (3.5)

The electron energy is expressed in keVee. The energy of the electron can be used to
calculate the light output of the scintillator. This can yields the conversion between
ADC channel and keVee. By appropriately setting the position of the Compton edge
in the ADC one can ensure that the ADCs dynamic range encompasses the entire
range of neutrons of interest.

Figure 3.5a displays the individual PMT's for a single module before gain matching.
The two PMTs have the same applied voltage, but perform differently for the same
incident light. Figure 3.5b shows the same bar after the gain matching has been done.
The two PMTs now behave identically to the source. The difference in statistics is

due to a difference in measurement times.

3.4 Teeny VANDLE

The application of the FA to a pulser is an idealized situation. To determine the

response of the algorithm to a true photomultiplier signal, a pair of test detectors was
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constructed. The detectors used small 1x1x0.4 in® pieces of Eljen EJ-200 scintillator
coupled to Hamamatsu R580 PMTs from VANDLE. The length of the scintillator
crystal contributes approximately 80 ps to the time resolution, given by the transit
time of light through the small scintillator chip. The components were arranged into
two configurations. The first used a single piece of scintillator material between two
PMTs. This detector is optimized for measuring the timing of the system. The second
arrangement, optimized for the measurement of timing walk, uses two scintillators
each with their own PMT. In each case the scintillator and PMTs were wrapped in a
layer of Teflon tape, a layer of Mylar with polymer backing, and black electrical tape.

The resulting detectors were connected to the Pixie-16-250 system in the same
setup as the pulser. A %°Co source provides a calibration for the PMT. The Compton
edge of the source was placed at 75% of the ADCs dynamic range. This means that
a majority of the signals will be of high amplitude and as seen in Figure 2.5, they
will produce the best possible timing. More details of the specific setups follow in the

next sections.

3.4.1 Resolution

The results of the resolution test can be seen in Figure 3.6. This resolution is the
time difference between the arrival times of the PMTs attached to the small piece of
scintillator. The resolution of the system is approximately 0.6 ns over the full range. If
only the high energy signals are considered the resolution improves to approximately
0.5 ns. The resolution will be dominated by the transit time of the electrons in the
PMTs and not by the algorithm. This detector also maintains the linear relationship
between the phases, Figure 3.7. Both this and the resolution indicate that the FA

performs as needed for high resolution timing purposes.
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Figure 3.6: The time difference between two PMTs in the resolution setup. These
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Figure 3.7: The phase-phase diagram for the small scintillator detector. The width
of the lines is due to the 0.7 ns resolution of the detector. They display the proper
linear relationship for timing from the digital system.
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Figure 3.8: The amplitude of the start signal. The vertical line represents the software
threshold for plotting the Max Amplitude of the stop versus the time difference, Figure
3.9.

3.4.2 Timing Walk Characterization

This measurement used two detectors each consisting of a scintillator coupled to a
PMT. The detectors are independently wrapped and timing walk of the system occurs
when the relative amplitudes of the signals are mismatched. To measure the timing
walk, we use a software gate on signals with amplitude larger than the Compton edge
associated with the gamma source, see Figure 3.8, and have minimum timing walk.
After this condition is imposed the amplitude of the second signal is plot against
the time difference between signals, see Figure 3.9. Cuts on the amplitude for the
second signal are made, which project the time difference. This projection is fit with
a Gaussian function, and one can construct a graph of the walk as a function of
amplitude, see Figure 3.10. A fit applied to these data provides a way to correct the

calculated phase.

3.5 On-board Triggering Logic

In addition to the digital timing methods, we developed a custom triggering scheme

for VANDLE. This triggering scheme allows the system to operate at a low energy
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Figure 3.10: The timing walk as a function of signal amplitude. The line indicates
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37



[ Start(0)
[ Start(ny,., = 16)

Start - Trigger I \

VANDLE(O0) - Trigger

D_

VANDLE(0,.y)
VANDLE (0;g1)

VANDLE(nq)
VANDLE (Nyigny)

VANDLE(n) - Trigger

(Slollv

—

Level 1 Level 2

Figure 3.11: A schematic of the on-board coincidence triggering used for the VANDLE
system. Level 1 indicates the pairwise coincidences between PMTs on a VANDLE
module. Level 2 represents the logical AND condition between VANDLE and the
start detectors. The system can handle up to 16 start detectors and n VANDLE
modules.

threshold while reducing data rates. The triggering scheme, while following standard
practices implemented for similar detectors, is unique in that it does not use auxiliary
electronics to distribute the implementation across the FPGAs of the data acquisition
system. The diagram, Figure 3.11, is the schematic representation of the logic gates
implemented on the FPGAs. The FPGAs generate the coincidence signals via the
on-board logic filters using operating principles developed previously for a segmented
germanium detector array [58].

Implementing pairwise coincidences for the PMTs on each VANDLE module
provides sensitivity for low energy signals from neutrons, Level 1 in Fig. 3.11. This
operation is implemented locally, as each pair of signals use the same FPGA. The
coincidence condition of 100 - 200 ns reduces the readout rate and is sufficient to
nearly eliminate triggers on thermal noise. The pairwise triggering increases the
neutron efficiency due to the greatly lowered trigger thresholds, more details on this
will be discussed in a subsequent publication [34].

The local coincidence condition is not completely adequate for VANDLES needs as

VANDLE is a time-of-flight detector. This means that VANDLE requires an auxiliary
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“start” detector, and this start detector must be considered in the full coincidence
triggering scheme. The triggers generated by the signals from the start detector are
distributed through the backplane bus to all of the FPGAs in the system [58]. As
is shown in Fig. 3.11, Level 2 is a logical AND between VANDLE and the start
triggers that has a broader time gate, 1 us long and takes into account the spread
in the time of flight. The output of this gate is broadcast back to the trigger bus
and seen by all FPGAs and used for validation of the triggers. In this situation the
acquisition records only signals that have at least one pair of VANDLE signals and
a start detector. The specific detectors producing the start signals varies between
experiments: a beta detector for beta-delayed neutron studies or a trigger associated
with a specific nuclear reaction. The reliable operation of this coincidence scheme was
tested with 3 MHz on the start trigger, which fulfills the requirements for VANDLEs
data acquisition. The versatility of the on-board coincidence triggering, as well as
the reduced data load, is instrumental to the performance of the digital acquisition

system.

3.6 Efficiency of Neutron Detection

Because every particle passing through the scintillator does not deposit energy,
the most important feature of the detector to characterize is the efficiency. The
efficiency allows one to determine the absolute number of undetected particles during
a measurement. In order to determine the efficiency, a comparison must be made to a
standard with a known efficiency. In this work two methods provided an independent
check of the efficiency of a VANDLE module.

The first method used the ?"Al(d,n) reaction measured by Massey et al at Ohio
University [59]. This reaction produces a continuous neutron spectrum in the range
of 0.2 and 14 MeV; the precise range of interest for VANDLE. A tandem accelerated
deuterons to an energy of 7.4 MeV, which were then incident on an 27Al target.

Pulsing the beam of deuterons provided a start signal for the acquisition system.
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A movable arm, holding the target, allows the angle of the reaction products to be
adjusted. The neutron spectrum of interest required an angle of 120°. A large concrete
wall with an aperture collimated the neutrons and gammas from the reaction.

The small VANDLE module, placed 13 m from the reaction target, had two
measurement positions. The first position placed the module so that the beam
of neutrons and gammas illuminated the entire scintillator. The second position
positioned the VANDLE module above the beam, and provided a measurement of
the background. With the VANDLE module in this position, no neutron events
correlated with the beam pulses. The efficiency measured in this experiment are
shown in Figure 3.12

The second method of calibration uses neutrons emitted from a 2*?Cf source. The
neutrons from this source are characterized and the results summarized by Manhart
[60]. This experiment required a reference detector in order to determine the absolute
yield of neutrons from the source. The LENDA group used an identical detector in
the efficiency calibration for their scintillators [42]. A comparison of the spectrum
from the liquid scintillator and from the VANDLE module provides a measurement
of the efficiency, see Figure 3.12. The two methods for measuring the efficiency agree

well. This provides VANDLE with a well characterized response.

3.7 Detector Simulations

Simulations of the detector modules are necessary to understand aspects of the
system, which may be difficult or impossible to measure. For example, during a typical
beta decay experiment in the absence of a normalization case; the absolute number
of neutrons produced cannot be determined. A simulation of the full detector setup
will allow one to reconstruct the expected efficiency. The simulation provides crucial
information about the modules and systems that may otherwise be unattainable.
The Geant4 [61] provides the framework necessary to perform simulations for this

work. This software package allows one to build each component of the detector,
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Figure 3.12: The efficiency for the small VANDLE module using the *Al (d,n)
reaction (circles) and ?*?Cf (triangles). The threshold for the 2"Al(d,n) data was
30 keVee, and the threshold for the 2°2Cf measurement was 0 keVee.

experimental setup, and surrounding environment. Once this is complete, the user
can then choose from a variety of radiation sources to interact with the environment.
The user may specify the type of radiation and the geometry of the source. The
software then proceeds to run Monte Carlo events for the desired setup and provides
the user with visualization options.

The results from the simulation are only as good as the implementation of the
necessary physics. It is, consequently, critical for one to test the simulation against
measured or known quantities. Only in this way will one achieve a robust simulation.
This work uses the measured efficiency as a benchmark for the simulations. The
results of this comparison are shown in Figure 3.13. This figure demonstrates that
the simulation of the VANDLE modules contains the necessary physics to reproduce

accurately the detector’s response.
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Chapter 4

Beam Production and

Experimental Details

4.1 The Hollifield Radioactive Ion Beam Facility

The Hollifield Radioactive Ion Beam Facility (HRIBF) [62], Figure 4.1 at the Oak
Ridge National Laboratory uses the isotope separation on-line technique [63] to
produce rare, unstable isotopes. The Oak Ridge Isochronous Cyclotron produces a
beam of 40 MeV protons, which impinge on a Uranium Carbide target. The protons
induce fission in the target, which is heated so that the fission fragments effuse from
the ion source cavity where they are surface ionized [64]. An electric field extracts
the ions and accelerates them towards the mass separators. The first stages of mass
separators separate various elements according to their mass number.

The beam then passes into a charge exchange cell that creates negative ions.
Negative ions are necessary for use with the tandem accelerator. After the charge
exchange cell, the beam passes through a final stage of isobar separation. This stage
of separation is capable of creating a nearly pure beam of the desired isotope. Finally,

the beam is transported to the experimental end station [65].
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Figure 4.1: A schematic view of the HRIBF.

4.2 The Low-energy Radioactive Ion Beam Spec-
troscopy Station

The Low-energy Radioactive lon Beam Spectroscopy Station (LeRIBSS) [66], Figure
4.2 is used to study the decay of neutron rich isotopes. LeRIBSS receives radioactive
ion beams from the high resolution isobar separator magnets. Because the tandem
accelerator is not used, the beams can either be positively or negatively charged.
This allows for higher beam rates because the charge exchange cell used to produce

negative ions has an efficiency between 10 and 50% [65].

4.2.1 Electrostatic Kicker and Moving Tape Collector

The ions are implanted onto a 1/2 inch tape that is part of the moving tape collector.
The moving tape collector is coupled to a electrostatic kicker that deflects the beam

away from the implantation point. One detection “cycle” is a period of beam
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Figure 4.2: A schematic of LERIBSS, which is located directly below the tandem
tower in Figure 4.1.

collection on the film, a period where the beam is deflected by the kicker, and a
period where the decay products are transported away from the detectors. The cycle is
adjusted for the specific isotope of interest. For example, if the isotope of interest has
a half-life of 0.5 s. A possible cycle would be 3 s, 2 s, and 0.6 s. This would allow the
isotope of interest to reach saturation, meaning that the implantation rate is the same
as the decay rate. The decays would then be observed for 4 half-lives. The sample
would be then moved away from the detectors in 0.6 seconds. Figure 4.3 displays a
typical grow-and-decay curve for the neutrons from 7"Cu, the measured half-life of

the decay is 0.52(0.01) s, which is slightly larger than the expected 0.4681(20) s.

4.2.2 Beta Detectors

To detect the beta particles emitted during 5~ decays a pair of 1 mm thick plastic
scintillators surround the implantation point, see Figure 4.4. The 1 mm thickness

provides a reduced interaction probability for gamma rays in the scintillator. These
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Figure 4.3: The grow-and-decay curve for the neutrons from the decay of 7"Cu. The
measured half-life is 0.52(0.01)s.

scintillators are curved so that they completely surround a 2 inch diameter beam pipe.
The light attenuation of such a thin scintillator is high, which means that particles
interacting at the far end of scintillator have a small fraction of their light reach the
PMT. These scintillators require the use of a light guide, which bend the light from
the thin interface of the scintillator to the circular aperture of the PMT. The typical
efficiency of these detectors ranges from 13% to 60%, and depends upon the electron

energy. The efficiency curve for the beta scintillators is presented in Reference [67].

4.2.3 High Purity Ge Clover Detectors

The experimental setup used two Ge clovers. The clovers measure the gamma rays
emitted from the S~ decay critical for the identification of isotopes. The gamma
rays can be used to create gates on neutrons detected in VANDLE. Therefore, it is
imperative that the efficiency and calibration of the Ge detectors be determined. This
procedure is well known, and will not be detailed here, for more information see Refs.

[52, 68]. The efficiency curve for the clovers is shown in Figure 4.5.
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Figure 4.4: A photograph of the beta scintillators and clovers. The individual
components are labeled. The implantation point is located between the Ge clovers.
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Figure 4.5: The efficiency curve for the Ge clovers. The squares represent the data
points, the blue line the fit to the data.

47



Chapter 5

Experimental Analysis

The analysis of VANDLE data is broken into several stages. The ultimate goal of
the analysis is the reconstruction of the neutron intensity from the ToF spectra. The
analysis begins with constructing a simulation of the experiment. Next, one sorts
the data and constructs the necessary information to begin the visualization. The
final stage of the analysis is the reconstruction of the experimental B(GT) from the

neutron spectra. Each of these steps are detailed in the following sections.

5.1 GEANT4 Simulations and Efficiency

GEANT4 simulations of the experimental setup (Fig. 5.1) are critical to the analysis
because neutrons scatter from the experimental setup and other detectors. VANDLE
modules detect these scattered neutrons at times longer than direct neutrons giving
peaks in the ToF spectrum a tail at longer times of flight, see Figure 5.2. These peak
shapes provide the basis for fits to the ToF spectrum.

The neutron detection efficiency for VANDLE varies depending on the threshold
of the cuts imposed on the data. Because there is not a simple way to directly measure
this, we use a GEANT4 simulation to determine the efficiency as a function of the

varying threshold. A plot of this efficiency is shown in Figure 5.3.
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Figure 5.1: The experimental setup as modeled in GEANT4. Picture courtesy S.
[lyushkin.
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Figure 5.2: The effects of scattered neutrons on the neutron peaks as modeled by the
GEANT4 simulation. The simulation takes into account the corrections to the ToF
introduced by the neutron flight path.
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Figure 5.3: The intrinsic neutron detection efficiency of a single VANDLE module
from the GEANT4 simulation using a threshold imposed by the banana cut in Figure
5.4. The solid blue line is a fit to the data points, which come from the simulation of
the setup.
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5.2 Data Parsing

The first step parses raw data from the Pixie modules into an “event” according to a
user defined event window. For this experiment, the event window was chosen to be
3 ps; any events with time differences inside of the three ns window are considered
correlated. A C++ program sorts the events according to the timestamp and applies
the timing algorithms discussed in Chapter 2. The program also applies the various
energy and time calibrations to the data. Then the events are analyzed according
to their detector type, e.g. individual VANDLE modules are “built”. This stage of
the analysis correlates the 3, gamma, and neutron events, and performs gating of
the data. Due to the high amount of scattering in the system, only a subset of the
VANDLE bars are used for this analysis. Once the data is sorted it is passed to the

visualization routines.

5.3 Visualization

5.3.1 Neutron Time-of-Flight Spectra

As each event is processed by the software, the data fills user defined histograms, see
Figure 5.4. This figure plots the light output (L) of a VANDLE module as a function
of the time of flight (ToF) of the detected particle. The prompt gammas from the
decay appear at a ToF of 1.7 ns. Because the neutrons deposit a range of energies
into the scintillator they may be identified by their kinematic curve, which follows
the kinetic energy formula, (E = 0.5mv?). The banana gate (blue line) in Figure 5.4
acts as a veto for events lying outside the banana and one may project the spectrum

onto the ToF axis. Figure 5.5 displays the ToF spectrum for 7>"™®Cu and #'Ga.
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Figure 5.4: The light output versus time of flight for “"Cu. The large peak at 1.7 ns
corresponds to the prompt gammas from the decay. The blue line is the banana gate
and outlines the neutron kinematic curve.

5.3.2 Ge Clover Spectra

The Ge clovers play two instrumental roles in the experiment: beam identification
and neutron gating. Beam identification is possible due to the fact that each nucleus
posses a characteristic gamma spectrum, see Figure 5.6. In this figure, the top most
brown line represents an ungated gamma spectrum. The blue line demonstrates
the effects of applying a coincidence condition with the [ detectors, which remove
background contaminants, e.g. K. This spectrum provides a precise view of the
nuclei that are associated with a beta particle. The final tan line in Fig. 5.6 displays
the effect of neutron gating on the gamma spectrum, the banana gate provides this
coincidence condition.

The two gammas in Fig. 5.6a, 598.6 keV and 697.7 keV, originate from the
4+ —2% =07 cascade observed by Ilyushkin et al. [67] in the decay of ""Cu. For the
decay of ®Cu, Fig. 5.6b, a single line survives the neutron gating with energy of 114.7
keV, previously observed by Korgul et al. [69]. Similarly, a single line survives in the

81Ga spectrum, Fig. 5.6¢, with an energy of 247.8 keV. None of the presented cases

52



2 2 18
o~ ~ F
< 400 L F
2 2 160
[ |-
& 350 o £
14—
300 C
12
250 C
10
200 8}
150 oF
F Al \
100 =
F 1N B
50 2 e 1 | L
NI (e N T, A1 R0 RSN SR AT RGPt A v
20 40 60 80 100 120 140 160 180 200 20 100 120 140 160 180 200
Time-of-Flight (ns) Time-of-Flight (ns)
(a) ""Cu - Singles (b) "Cu - Gated with 598.6 keV Gamma
2 45} 2 12
A A
2 a0f- g
35 L
30f- 8
250 L
= 6l
20 T [
of \ % d
10 -; L
E H [ 2L s } %} C ‘
SE ' 3 i ' "o
obs IEERMSIRCCEE IR 118 B AR+ o b, W AL LT
100 120 140 160 180 200 60 80~ 100 120 140 160 180 200
Time-of-Flight (ns) Time-of-Flight (ns)
(c) ®Cu - Singles (d) ®Cu - Gated with 114.7 keV Gamma
2 2 F
o o~ =
P 2 °F
£ 5 F
z a 7
o
sE- »
£
o=
2 ,
i ﬂ I
0 Basseet. SEEF i i 0. 1 [ lﬂ Ut LS L
0 20 40 60 80 100 120 = 140 160 180 200 0 20 40 60~ 80 100 120 140 160 180 200
Time-of-Flight (ns) Time-of-Flight (ns)
(e) #1Ga - Singles (f) 81Ga - Gated with 247 keV Gamma

Figure 5.5: The ToF spectra for 7""®Cu and ®*Ga. The blue line is the results from
the ML fit to the data (points). The dashed curves below the blue curve are the
individual Crystal Ball components of the fit. In panels (b), (d), and (f) the neutron
spectrum has been gated on the indicated gamma transition in the beta-delayed
neutron daughter.
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display an unknown gamma line in coincidence with the neutrons. These gammas
lines play a pivotal role in understanding the structure of the decay.

The gammas associated with the neutron spectra provide additional gating for
the previous Neutron spectra. Gating on gamma lines from the beta-delayed neutron
daughter provides information about the the emitted neutrons, such as their spin.
Figure 5.5 displays the neutron spectra gated using the gammas associated with
deexcitation of the beta-delayed neutron daughter. One may immediately notice
differences between the singles spectra, e.g. Fig. 5.5¢, and the gated spectra, Fig.
5.5d; the gamma gated spectra may display only peaks at particular neutron energies.
The drawback to gating the neutron spectrum using the gammas is that one may be

left with low statistics, see Fig 5.5f.

5.3.3 The VANDLE Analysis Software Toolkit - VAST

The final stage in the data workflow has been bundled into the VANDLE Analysis
Software Toolkit (VAST). This toolkit provides the necessary C++ software to fit the
ToF spectra, calculate the neutron branching ratio, and calculate the B(GT). This
software was developed so that the analysis of ToF data from VANDLE could be

processed easily and efficiently. These steps are discussed in the following sections.

5.3.4 Maximum Likelihood Fitting

The ToF data were analyzed using maximum likelihood fitting. This fitting method
uses probability density functions (PDFs) to determine the parameters of an analytic
function that were most likely to produce the provided data set. This fitting method
does not require the data to be binned into a histogram, thus making it more robust
by removing any dependence on the binning of the data. This method works well
for data sets with low statistics, because a least-squares algorithm requires that the

individual histogram bins obey Gaussian statistics [70].
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Here we adopt the notation used by Myung [71]. Let f(y|w) denote a PDF which
yields the probability of observing the data y given the set of parameters w. Each
data point in the data vector is assumed to be statistically independent from one

another. Under this assumption, one writes the PDF as
N
F@lw) = [T fityshw)). (5.1)
j=1

The PDF must be a continuous, differentiable function. This is a crucial requirement
as the function is maximized through differentiation during the analysis.

In general, one knows the data making up y, and is interested in finding the
functional parameters that reproduce it. For this work, a Crystal Ball (CB) function
[72, 73, 74] closely approximates the detector response. The CB has a Gaussian core,
which is modified by a power-law tail, see Eqn 5.2.

e~ (@=m)?/(20%) Forit > —q
flz;a,n,p,0) =N - 7 (5.2)
Ax(B—-%=8)7" for=E < —a

Where,

A= (%) ¢ 1o/ (5.3a)

B=- o (5.3b)
1
=0+ D) (5-3¢)
n 1 a2
C:m.n_l.el\ﬂ (5.3d)

-3 (1+er (1)) (5.30)

The power-law component of the CB takes into account neutrons scattered from

materials surrounding the detectors arriving at much later times, see Figure 5.2. The
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sigma of the CB should account for both the intrinsic timing of the VANDLE module,
as well as the resolution of the start detector. This resolution of the start detector
is obtained by fitting the prompt gammas in the ToF spectrum. The GEANT4
simulation of the experiment provides the intrinsic timing of a VANDLE module,
which is dependent upon the energy of the incident neutron. The final PDF that is
used will be a convolution of the Gaussian resolution from the start detector with a
CB having an intrinsic resolution based off of its mean.

Now that a suitable PDF is identified, we now define the likelihood function, L.

L is defined by inverting the roles of  and w in the PDF:
L(wlg) = f(g|w). (5.4)

The likelihood function of interest will be the set of w = {wy, ..., w,} that reproduce
the data in §. The technique of maximum likelihood estimation (MLE) enables one
to determine the set of w that is most likely to have produced the data. Taking
the natural log of the likelihood function, In L(w|y), makes the problem more
computationally tractable. Maximizing the likelihood equation,

OlnL(w|y)

—F—= =0 5.5
with respect to the w; yields the MLE estimate. In addition, the condition must be
met that the second derivative of the log likelihood function must be a maximum:

O2InL(w|j)
—— <0
awﬂ

(5.6)

5.3.5 Implementation of the Maximum Likelihood Method

This work used the RooFit [75] package available within the ROOT [76] data analysis
framework for performing the fits. RooFit uses the MINUIT [77] minimization

algorithms to perform the fits. In order to take advantage of these algorithms the

o7



RooFit package constructs the negative log-likelihood (NLL) function, -InL(wly).
This function is then minimized with respect to the free parameters of the function.
Figure 5.5 displays the results of these fits; the individual fits shall be discussed later
in this chapter.

It is necessary to parameterize the variables o, n, and ¢ in the CB function because
they control aspects of the function that depend on the mean. The a parameter
controls the fraction of the function contained within the tail. The parameter n
controls how quickly the tail dies, and o is the resolution of the Gaussian. The
parameterization occurs in three steps. First, the simulated data for a given neutron
energy is fit with a CB shape. This fitted function is then convoluted with a Gaussian
with the measured resolution of the beta detector. The parameters of the convoluted
function provide the final parameters for the CB response function at the given energy.
This process is repeated for various energies between 0.1 and 5 MeV to determine
the functional dependence of the parameter on the neutron energy. These variables
are then fully dependent upon the ToF during fits to the spectrum. This procedure
has an added benefit in that the fitting algorithms no longer need to perform the
convolution of the CB with the Gaussian on the fly.

Because the neutron peaks are, in general, unresolved, one must choose how
many peaks to include in the model to reproduce the data. This can quickly lead
to overfitting of the data set and erroneous results. A natural way to check the
robustness of the fit is to generate a Monte Carlo sample from the fitted model, fix
all of the fitted parameters except the yields, and fit the model to the MC data set.
If a particular yield displays variations that do not follow Gaussian statistics with a
mean of 0 and a variance of 1.0, it is likely that the model is over or underfitting the

data set.
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Figure 5.7: The branching ratio spectra and B(GT) for 7*™Cu and %Ga. The vertical
lines represent the indicated neutron separation energies and () value for the decay.
These spectra assume that all of the neutron feeding goes to the ground state. The
calculation includes spreading of the intensity due to the timing resolution of the
system. The stars show the sensitivity limit of the system.
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5.4 Calculation of the P, and B(GT)

The individual components of the fitted model only provide the yield within the fitted
region. For this reason, it is necessary to integrate the tail of the components outside
of the fitted region. The integrated area of the components is then adjusted by the
intrinsic efficiency of the VANDLE modules, which provides the neutron yield (Y,)
for a given component (n). Summing the Y, for each component gives the total
intrinsic efficiency adjusted yield for the model. The total number of decays may be
calculated by the following equation:
Ng = e’j—}v. (5.7)
N is the total number of beta decays, A, is the total number of observed gammas
for a particular gamma energy, €, is the Ge efficiency for the measured gamma line,
and L, is the absolute branching ratio of the gamma line. Dividing the total number
of neutrons by the total number of beta decays yields the P,, for the decay.
The total neutron yields of the components also provide the branching ratio (I,,)

of the neutron peak, which is given by

JR— Yn
N NgQEﬂ ’

I, (5.8)

(2is the geometric coverage of the bars in the experiment, and e is the efficiency of the
beta scintillators. The branching ratio is then spread using a Gaussian distribution,
where the amplitude is given by the magnitude of the branching ratio, the mean is
the energy of the neutron peak, and sigma is given by o, = 0.50,,. The spreading
provides the neutron density distribution seen in Figures 5.7a, 5.7c, and 5.7e.

Using the neutron density distribution, one may calculate the beta decay strength

distribution, B(GT):
C

F(Z,Qp = Eu)(t1y2/ In)

B(GT) = (5.9)
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The coefficient C is a constant with a value of 3812.4 s, f(Z,(Qp — E,) is the Fermi
function, E, is the excitation energy of the neutron line, and t;; is the lifetime of the
decay, for a full derivation of this equation see Ref. [7]. Figures 5.7b, 5.7d, and 5.7f
display the results of this calculation. There is a hard cutoff on the low energy side
of the B(GT) at 0.03 MeV due to the banana gate. The stars on these Figures show
the sensitivity limit of the measurement. Each star represents the B(GT) calculated
from a neutron peak containing 10 measured neutrons. The background for the
measurement is 1 count per second, which means that a neutron peak with 10 counts
would be at the 10 sigma limit for the measurement. The sensitivity limit curve
indicates that the measured B(GT) are statistically significant. The interpretation of
the B(GT) follows in the next chapter.
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Chapter 6

Experimental Results

The VANDLE experiment investigated nearly 30 nuclei, see Figure 6.1, around doubly
magic ®Ni and *?Sn. These regions provided many excellent cases for beta-delayed
neutron emission because they are near closed shells and far from stability. Little
information is known on the energies of the neutrons emitted from these nuclei.
Rudstam et al. used a *He proportional counter to measure the energy spectra of
various fission fragments and observe a discrete line structure in the spectra [27].
Similarly, Kratz et al. investigated As and Br isotopes using a *He ionization chamber
[28] and from these spectra calculated the beta decay strength distribution. These
strength distributions and discrete line structures do not take into account the possible
effects of pandemonium. Greenwood et al. performed one of the last measurements
of beta delayed neutrons in the light fission fragment region using a combination of
’H detectors and a CH, ionization chamber [78]. Since this measurement in 1997 the
study of energy resolved beta-delayed neutron emission of fission fragments has been
stagnant and VANDLEs goal is to bridge this gap in the experimental data. The
most recent measurements in this field are a remeasurement of the 371 precursor by
Yee et al. [79].

The decay of isotopes near "®Ni may be schematically explained by the Extreme

Single Particle Shell Model (ESPSM) [1] as a transformation of single particle neutron
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Figure 6.1: A summary of the VANDLE experiment performed in February 2012.
Nuclei measured with VANDLE are in red boxes. The teal, pink, and blue boxes
represent various r-process paths and the dashed lines represent the shell closures.
Progressing shades of grey represent increasing Qg_, windows.

states from the p3/o, f5/2, P1/2, and gy o orbitals, see Figure 1.3, into their respective
spin-orbit partner proton orbitals. For "Ni these transitions connect the 07 ground
state to 17 excited states in ®Cu with particle-hole configurations. The literature
[7, 80, 81] characterizes these configurations as core-polarized states (CPS), spin-flip
states (SFS), and back spin-flip states (BSF'S). One may calculate the matrix elements
for these configurations, which leads to the single particle picture in Figure 6.2. Table
6.1 lists the initial and final states for the CPS, SFS, and BSFS transitions for p,f,g
shell. For "Ni the SFS state is energetically forbidden. This model is a starting point
for the following discussions. This work presents just a selection of the studied nuclei:
18Cu and %*Ga.

One may modify the ESPSM using the Tamm-Dancoff approximation [82, 83, 84],
which uses a repulsive residual interaction to calculate the beta decay strength
distribution. ~ Within this framework a Giant Gamow-Teller resonance (GTR)

appears due to the coherent sum of the individual particle-hole excitations. This
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Table 6.1: The initial and final states for CPS, SFS, and BSFS transitions in the p,f,g
shell. For "Ni the SFS transition is energetically forbidden.

Transition Type | Initial State | Final State
2133/2 2133/2
CPS 1f5/2 1f5/2
2p1/2 2p1/2
289/2 289/2
SFS 2p3)2 2p1/2
1go/2 1g7/2
BSFS 2p1/2 2p3/2

model concentrates the strength distribution into individual transitions, which is a
simplification of reality.

A more sophisticated model, QRPA [13, 14, 85|, produces larger fragmentation of
the strengths that still contain the GTR. However, the GTR lies outside of the beta
decay window. This model predicts a group of states lower in energy, pygmy GTR,
that are composed of CPS and BSFS states [26]. In this model, the “pygmy” GTR
enters into the beta decay window as one crosses the N=>50 shell closure, see Figure
2 in Reference [26]; this causes a sudden jump in the beta delayed neutron branching
ratios. The branching ratios would tend toward 100% were it not for the competition
of the first forbidden transitions with the GT transitions.

Previous measurements in the region by Kratz et al. [28] claimed that the peak
structure in the beta-delayed neutron spectra correspond to the existence of individual
transitions, which we attribute to the pygmy resonances. Recall that this structure
is dismissed by Hardy et al. [30] as statistical fluctuations due to a high density of
states populated in beta decay. The cQRPA calculations by Borzov that include the
pygmy resonance produce good agreement between lifetimes and neutron branching
ratios [21, 86]. This indicates that the pygmy resonances are required and that the
resonance structures in the B(GT) are expected. This work observes these B(GT)

structures experimentally.
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Figure 6.2: The decay of "Ni into ™Cu using the extreme single particle model (top
panel) and the Tamm-Dancoff Approximation. In both cases only the decays to 17
states in the daughter nucleus are considered [1].

6.1 ""Cu

Armbruster et al. discovered "Cu in 1987 using fission fragments from induced fission
of 23U with the LOHENGRIN recoil separator [87]. Kratz et al. measured the half-
life to be 469(8) ms [88]. The most comprehensive study of this nucleus comes from
Ilyushkin et al. [67] where the P, was determined to be 30(20)%. This experiment
used the ranging-out technique as well as LeRIBSS, and occurred at the HRIBF.
The ranging-out technique provides an excellent method to determine the absolute
branching ratios for the decays because the system counts the number of ions passing
through it. In addition to the ranging-out, LeRIBSS provided a better determination
of the half-life and allowed the gamma rays to be gated with beta detectors. Other
groups studying ""Cu used similar methods to those described and more information
may be found in References [89] and [69]. The ground state spin-parity of ""Cu is

5/2- as measured by Koster et al. [90] using in-source laser spectroscopy.

65



10 r
Exp
SM e
1 L
>
(3]
=
= 0.1¢
|_
e
m
0.01
0.001

4 5 6 7 8 9 10 11
Excitation Energy (MeV)

Figure 6.3: Experimental data (blue line) compared with calculations performed by
Sieja et al. [2]. The vertical dashed line represents the neutron separation energy.
For energies just above S, the B(GT) fluctuates rapidly due to Pandemonium. The
experimental data show more distinct peak structure than the theoretical model.

Sieja et al. [2] performed shell model calculations for the strength distribution
of "Cu. These calculations included only GT transitions and predicted strengths
for 3/27, 5/27, and 7/2~ states in ""Zn, and included all active orbitals in the f,p,
and g shells. Figure 6.3 displays the results of this calculation as compared with
the experimental B(GT). The strong fluctuations of the experimental B(GT) near
the S, are due to Pandemonium, see Ch. 1. Interestingly, the experimental spectra
show more distinct peak structure at higher energies than the calculations. The
Qs value for the decay does not allow for determination of the B(GT) for higher
energies. The comparisons between observed and modeled neutron spectra reinforce
the discrepancy between observation and theory, see Figure 6.4. Here we use the
statistical Hauser-Feshbach codes by Kawano et al. [32], which takes into account
the centrifugal barrier that affects neutron emission and gamma-neutron emission
competition. The neutron spectra from these calculations show less structure than

the experimental spectra deduced from VANDLE.
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Figure 6.4: Experimental data for “"Cu (blue line) compared with calculations
(brown line) performed by M. Bertolli using statistical codes by T. Kawano et al
and the experimental B(GT) as input. We observe a large discrepancy between the
experimental and theoretical neutron spectra.

6.2 ®Cu

Lund et al. discovered ™Cu in 1987 at Studsvik using the isotope separator on-line
facility OSIRIS [91]. Pieffier et al. provides the first measurement of the P,, to be
1572°% [92], but the unknown energy of 3 particles and unknown number of collected
ions made the branching ratio unreliable. Subsequent work by van Roosbroeck at
ISOLDE places a lower limit on the P,, >65(20)% [93], which is in good agreement
with Ref. [86]. A conflicting P,, measured by Hosmer et al. [94] is lower than the
previous measurements at 44.0(5.4)%. It was postulated that the discrepancy may
be due to a previously unknown isomeric state in the daughter nucleus; however, this
was ruled out by Koster et al. [90] who observed no isomeric states in the decay
daughter. Finally, Korgul et al. measured the neutron branching ratio at the HRIBF
using a combination of an MCP and an ion chamber together with high purity Ge
clovers to precisely determine the number of implanted ions [69]. Their measurement

of the branching ratio closely agrees with Refs. [93] and [86] and is 65(8)%.
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The large B(GT) value for the ®Cu decay may be interpreted in the following way.
the large Qg value for this decay (13.0 MeV) along with the high neutron branching
ratio (65(8)%) provides the possibility of seeing a larger portion of the GT pygmy

resonance states located within the Qg window.

6.3 %Ga

Kratz et al. discovered ®Ga in 1991 [88] using induced fission of a #8UC target and
identified it using the ISOLDE on-line mass separator. Since its discovery, several
groups studied the decay using high resolution gamma ray detectors [95, 96, 97];
however, few gammas have been associated with the decay due to the large neutron
branching ratio. Of importance to this work, Kratz et al. measured the P, to
be 70(15)% [88]. Winger et al. studied the nucleus at the HRIBF and provides a
measured neutron branching ratio of 74(14)% [18], which is consistent with previous
measurements. The most recent measurement by Kolos et al. expanded the known
level schemes for #31Ge [98].

The decay of 3 Ga has a Qg window of 13.9 MeV. This nucleus is past the N=50
shell closure, which means that particle-hole excitations are 3 MeV higher in energy
than for N<50 nuclei, according to mass measurements by Hakala et al. [99]. This
nucleus displays the most prominent peak structure for high energy neutrons that
can be attributed to the GT pygmy resonance postulated by Borzov [26]. Figure
6.5 shows the comparison between the predictions by Borzov and the cQRPA and
the experimental spectra. The figure demonstrates the while the VANDLE data
reveals evidence for the pygmy resonance, there is a discrepancy between the strength
distributions.

In addition, we have performed statistical model calculations using the experi-
mental B(GT) spectra, Figure 6.6. Because the ground state spin-parity of ¥ Ga is
unknown, we postulated spins and parities for the g.s. to range between 0~ to 5.

These calculations indicate a preference for a 5~ g.s. of 3 Ga. Here the centrifugal
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Figure 6.5: A comparison between the experimental B(GT) (blue) and cQRPA
calculations by Borzov. Both spectra show evidence for the pygmy resonance, but
differ on the energy at which it occurs.

barrier, combined with the relatively low density of high spin states, prevents the
emission of low energy neutrons to excited states in 83Ge. A similar situation is likely

to occur for "®Cu, where the spin-parity of the g.s. is postulated at 5.
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Figure 6.6: A comparison between the experimental intensity and the statistical model
calculations using the experimental B(GT) as input. The ratio of high energy to low
energy neutrons (cutoff 1.5 MeV) indicates a preference for the 5~ g.s. over the
0~. Calculations are performed by M. Bertolli using the statistical codes written by
Kawano et al.
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Chapter 7

Summary

This work sought to measure the beta-delayed neutron energies from fission fragments.
This was the first such attempt since the 1990s and the first to investigate cases with
a large energy window available for neutron emission. The neutron spectra and what
they tell us about the nuclear structure has important impact on theoretical models,
the astrophysical r-process, and on nuclear reactor design.

A central part of this work was the development and implementation of the
Versatile Array of Neutron Detectors at Low Energy. VANDLE uses the time-of-flight
technique to deduce neutron energies. A digital data acquisition system instruments
the entire array. To ensure that the digital system met the timing requirements
necessary for time-of-flight measurements, we investigated three timing algorithms.
Of the three algorithms only one, the fitting algorithm, had the necessary resolution
over the full dynamic range. A new method for validation of timing methods applied
to digitized signals provided a quick and efficient method to ensure that the timing
algorithms produce accurate results, and can be used to benchmark other digital
timing algorithms in the figure. This part of the work is currently in the review
process for publication in Nuclear Instruments and Methods A [100].

Upon completion of VANDLE, we performed an experimental campaign at the

Holifield Radioactive Ion Beam Facility, measuring the beta-delayed neutron spectra
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for nearly thirty fission fragments in the "*Ni and '32Sn regions for the first time. The
experiment used purified radioactive ion beams delivered to LeRIBSS and measured
the decay products using a combination of beta detectors, VANDLE and germanium
detectors. To analyze the data from VANDLE, we developed a complete software
framework, VAST, which reconstructs the strength distributions from the measured
time-of-flight spectra. The neutron spectra for the most prominent cases have been
analyzed and the beta strength distribution presented.

The case of "Cu demonstrates the need for gamma coincidences to unfold the
proper strength distribution since the gamma gated ToF spectra appear similar
to the ungated spectra. This indicates that a significant portion of the neutron
distribution originates from states of higher excitation energy than it appears from the
singles spectrum. The remaining cases, °Cu and %*Ga display unexpected, prominent
high energy peak structures in their neutron spectra, the latter being exceptionally
pronounced. It is postulated that these strong resonances are due to the pygmy GT
resonances that appear in QRPA calculations. These strong fluctuations appear not
to be due to Pandemonium effects, and we have implemented a procedure of using
statistical models of the deexcitation of states populated in beta decay to check the
consistency of the extraction of the Gamow-Teller strength from neutron spectra.
We have made a first attempt to compare our results with theoretical predictions.
The novelty of our data will hopefully inspire more theoretical work on prediction of

Gamow-Teller strength distributions.
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